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1. INTRODUCTION
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1.1. Definitionandimportanceofimpactcratering
Ǯ ǯ            
Ǥǡǡ
ǤǮǮǮǯ

Ǥ
         Ǥ   Ǯ ǯ 
Ǯ ǯ    
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Fig.1.1.AverageintervalofyearsbetweenimpactsontheEarthofnearǦEarthasteroidsofdifferent
diameters.Smallimpactorsaremorefrequentcomparedtolargerobjects(Atkinsonetal.,2000).
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1.2. Historyofimpactcrateringscience
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1.3.1Contactandcompression
           Ǥ      
ȋ	ǤͳǤʹǤȌ
ȋǡͳͻͻͻȌǤ
ǡ
ȋ  ͳͲͲ    Ȍ ȋ	ǡ ͳͻͻͺȌǤ    ǡ 
     Ǥ         
ǢǤ
ǡ
ȋ	ǤͳǤʹǤȌǤ
   ǡ   Ǥ
       ǯ       
ȋǤǡʹͲͲͷȌǤ
Ǥ
ǡȀ
ȋǤǡʹͲͲͷȌǤ

 
Fig. 1.2 Development of a simple impact structure (from French, 1998). Description of the
progressivedevelopmentofthestructureisgiveninthetext.

͸

1.3.2Excavationandtransientcratergrowth
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1.3.3Modificationofthetransientcavity
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1998).  
1.4. Cratermorphology
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Fig.1.3ExamplesofsimpleandcomplexterrestrialandMartiancraters.(a)Aerialphotoofthe1.2
km diameterBarringer (Meteor Crater),Arizona,U.S.A. image credit:NASA (b)Martian simple
crater 1 km in diameter, 260m deep (c)Ground photo of theBarringer crater showing inside
cratermorphology,imagecredit:EarthImpactDatabase,(d)Thecomplex/multiǦringVredefort
impactstructure,300kmindiameter,FreeState,SouthAfrica.Imagesource:EarthImpact
Database.(e)TheZunil,10.4kmMartiancomplexcrater.
Imagesource(b):http://viewer.mars.asu.edu/planetview/inst/moc/R1502146#start
ImageSource(e):http://www.uahirise.org/PSP_002252_1880
a. b.
c.
d. e.
ͺ

        ǣ  ǡ   
Ǧ  ȋ	ǡ ͳͻͻͺȌǤ  ǡ     
ȋǡͳͻͻͻȌȋ	ǤͳǤ͵
ƬȌǤǡǤǤǤǦ
Ǧȋ	ǤͳǤ͵ƬȌǤǦ
ȋǡʹͲͲ͹ȌǤ ͳǤʹǡͳͺͲǡ
    ͵Ͳ  ͸Ͳ    Ǥ  ǡ   
           ʹǤͷ  
ͶǤͷȋ
ǡͳͻͺ͹ȌǤ	
ȋǤǤǡǦ
  Ȍ   Ǧ      ȋ   
ȌȋǡʹͲͲͺȌǤǡ
ȋȌǦ
Ǧ       ȋ	ǡͳͻͻͺȌǤ
ȋȌǡǡ
Ǥ
Ǧ  Ǧ   ȋ ǡ ʹͲͲͺȌǤǦ
ȋ
ǡʹͲͲ͹ȌǤǮǦ
ǯǢȌʹǤͲʹ
ʹͷͲǦ͵ͲͲȋ	ǤͳǤ͵ȌǡȌ
ͳǤͺͷ
ʹͲͲǦʹͷͲǡȌ͸ͷͳͺͲ
ȋǡͳͻͻ͵ȌǤ
1.5. Impactrocks(impactites)

          Ǥ   
Ǯǯ
ȋ	ǡͳͻͻͺȌǤ
ǡǡ
ȋ Ȍǡ  Ú

ȋʹͲͲ͹Ȍ	ȋͳͻͻͺȌǤ ǡ
	ȋͳͻͻͺȌǤ
	 ȋͳͻͻͺȌ            
    ǣ Ȍ    Ǧǣ  ǡ Ǧ
  ǡ  ǡ Ȍ  ǣ  Ǧ 
ͻ

ȋǡǦȌǢȌǣ
ǡȌǣǤ
Crater floorandsubǦcrater:       
ȋ	ǡͳͻͻͺȌǤǦ  
 ȋ      ǡ   Ȍǡ   
ǡ
Ǥ     Ǣ  ȋʹͷǦ͵Ͳ

Ȍȋζ
ʹ
ȌǤ
Ǥǡǡ
ȋȌǡ
             
Ǥǡ
   ǡ ǡ
ǤǦǡǤǤ	ǡ
     ǡ        
ǤǦǦ
       Ǥ     
ǦǦ
 Ǥ Ǧ       ǡ  
                  
ȋǡͳͻͻ͹ȌǤǦ
  ǣ Ȍ Ǧǡ      ǡ Ȍ Ǧ
ǡȌǦǡȌǦǤǮǯ
  Ǧ
     ȋǡ ͳͻͻ͹ȌǤ     
ȋǡͳͻͳ͸ȌǤǡ Ǧ

Ǥ  Ǧ ȋ  Ȍ     ǡ
Ǧ          
ȋǡͳͻͻͷȌǤ
Crater interior:ǦǣȌ
ǡȌ
ǡȌǡȌ
ͳͲ

         Ǥ  
ǦȋǦ
ȌǤǦǡǦ
  Ǥ  ǡǡ
     ǡ  Ǧ     
  Ǧ     ǡ    Ǧ
ǤǦ
ǦǤ
ǦȋȌ
  Ǥ  
  Ǧ    Ǥ    
ǡǦǡ
ǤǦ
      Ǧ        
 Ǥ   Ǧ ǡ     
ǡǤ
Ǧǡ  
     Ǧ   ǡ   
    ȋ	ǡ ͳͻͻͺȌǤ Ǧ ǡ   
ǡ        ǡ    
ǡǦǤǦǦ
ǡ ǡ  ʹͷǦ͹ͷΨ  
Ǥ
Ejecta deposits:        Ǣ   
ȋ   Ȍ     ȋ    ȌǤ   
ȋȌǡ   ʹ 
  Ǥ   ǡ
    Ǥ   ǡ      
 Ǥ         ͷǤ  
            Ǧ
ǡ ǤǤ  ǡ   Ǧ Ǥ    ǡ
       ǡ     ǡ 
ȋζͳȌ
ȋǤǡͳͻͺͲȌǤ 
ͳͳ

      Ǧǡ   Ǧ Ǥ
ǡ        ȋ    
           Ȍ 
         Ǥ   
ȋȌȀ
ȋȌǤ
1.6. Identificationofimpactcraters
            ͳͺ͵
ȋǣȀȀǤǤȀȀȌǡ       
  ȋ	 ǡ ʹͲͳͲȌǤ       
         Ǥ      
ǡǡ
        ȋ	 
ǡ ʹͲͳͲȌǤ    ǯ      
Ǥ  ǡǡǡ
ǡ  ǡ   Ǥ ǡ 
 ǡ    Ǥ     ǡ
       Ǥ   
         Ǥ
ǡ

  ȋǡ ʹͲͲ͹ȌǤ  ǡ     
ǡǤ 
  ȋǡͳͻͺͻȌǡǦ
    ȋ	
ǡʹͲͳͲȌǤ     
Ǧȋǡͳͻͻ͹Ǣ	ǡͳͻͻͺǢ	ǡ
ʹͲͳͲȌǤǦ
 ǣǡ
 ǡ   ȋȌ  ǡ Ǧ  ǡ 
ǡȋ	Ȍȋ	Ȍ
 ȋ	ǡʹͲͳͲȌǤ  
ǡǡǡǤǡ
ͳʹ

  ǡ    ǡ  
ȋ	ǡʹͲͳͲȌǤ
1.6.1. Shockmetamorphism
  ȋ	ǡ ͳͻ͸ͺȌ     Ǯ     
      ǡ Ǧ  ǯǤ 
ζʹ
ȋȌηͳͲͲ

ȋȌȋ	ǡͳͻͻͺȌǤ
ȋ	ǤͳǤͶȌʹ
ȋ
ǡ ʹͲͲͲȌǤ     
 ͳͲͲͲ ȋ	Ǥ ͳǤͶȌǤ  ǡ     
       ǡ  
ǤǦ
      ǡ     ǡ 
    Ǥ        ηͳͲ 

   ȋ	Ȍ  ǡ ǡ
 Ǧ ȋ	 ǡ
ʹͲͳͲȌǤǡǦȋζͷ
ȌȋǤǤǡ
ȌȋǤǤǡ
ǡǦǡ
ȌǤ
Planardeformationfeatures(PDFs):	
Ǥ	
   ȋͳǦ͵ ρȌǡ ǡ   ȋʹǦͳͲ ρȌ  ȋ	Ǥ ͳǤͷǤȌ   
           ȋ	 
ǡ ʹͲͳͲȌǤ	     Ǧ
Ǥǡ	̱ʹͳͲ
  ȋǡ ʹͲͲʹȌǤ      	ǡ      
	ȋεʹͲǦͷͲ
ȌǦȋ	
ǡʹͲͳͲȌǤ 	ǡ
Ǧ
   Ǥ 	 	      Ǥ 
	   ǡ    
ͳ͵

              
Ǯ	ǯǤ	ǡǡ
ǡǡȋ	ǡʹͲͳͲȌǤ

Fig.1.4.Pressureand temperatureplot showingcomparative statementbetweennormalcrustal
metamorphismandshockmetamorphism(French,1998).
 

Fig.1.5.(a)Planardeformationfeatures(PDFs)inaquartzgrainfromthecarbonǦbearing
craterǦfillbreccia from theGardnos structure,Norway. (b)Shattercones in fineǦgrained
limestonefromtheHaughtonstructure,Canada,(French,1998).
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CHAPTER2
2.GEOLOGICALSETTING
2.1.Regionalgeology
ȋǤǡʹͲͳͳȌ
  ǡǡ ȋ	Ǥ ʹǤͳȌǤ
ͳͳͷȋǤǡʹͲͳʹȌ  
  Ǧǡ   Ǥ  Ǧ
ǡǡ
Ǧ         Ǧ
Ǥ           


 Ǥ  Ǧ     
ȀǤǡǡ
ǡ  
͵ͷͲȋ	ǤʹǤͳȌǤ 

ǡȋ
ǤǡʹͲͳͳǢǤǡʹͲͳʹȌǤȀ
       Ǧ  ȋ ʹǤ͹  
Ȍ        ȋ	Ǥ ʹǤͳƬȌǤ 
          Ǧ
ȋ	ǤʹǤͳƬͳȌǤǦ
        Ǧ   
ȋ	ǤʹǤͳƬȌȋ
ǤǡʹͲͲͺȌǤ

ȋǤǡʹͲͳͳȌǤ
ʹʹ

A. 

B.
Fig. 2.1. A. Geological map of the Ritland impact structure based on topographic map. The map 
shows a general outline of the crater-filling sediments and the major lithological units inside and 
outside the crater (slightly modified after Riis et al., 2011). The red hatched line illustrates the outline 
of the circular crater depression which is presented in detail in Fig. 2.2. The red star within the ejecta 
deposits shows the location where the shatter cones were found. B. View from the north (indicated by 
red arrow in Fig. A) into the Ritland impact structure. The impact derived coarser clastics, e.g. 
breccias, conglomerates and sandstones, are shown in orange, fine-grained marine clay in green, 
Cambro-Ordovician sandstone in yellow, thrust nappes in pink and the fractured and brecciated 
basement are shown in light grey. The solid red line in the in the background represents the reference 
level of the sub-Cambrian peneplain surface (Photo Courtesy: Knut Vindfallet).
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Fig. 2.2 Lithofacies map of the Ritland impact structure. The exposed sedimentary successions were 
logged in different areas of the crater wall. SVD-Svodene, RITF-Ritlandsfjellet, RITS-Ritlandstjønna, 
STH-Stemhaugen, BBH-Bjødnabuhaugen, BDB-Bjødnabu, and DOR-Dormålsknuten.    
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A. B. 
Fig. 2.3.A. Photomicrograph of one quartz grain from devitrified rocks of melt origin showing 
decorated planar deformation features (PDFs) (Photo courtesy: Elin Kalleson). B. Shatter cones 
found in the ejecta layer in Raudkleiv area (red star in Fig. 2.1A) (Photo Courtesy: Henning Dypvik).  
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CHAPTER3
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Introduction
Among 19 impact structures so far documented in 
Fennoscandia (Dypvik et al., 2008), two were previously 
recognised in Norway: Gardnos (Dons & Naterstad, 
1992; French et al., 1997; Kalleson et al., 2009, 2010) and 
Mjølnir (Gudlaugsson, 1993; Dypvik et al., 1996). Ritland 
is the third and most recently recognised impact structure, 
located in the Hjelmeland municipality, Rogaland, western 
Norway (Fig. 1A). Presently, the structure shows a nearly 
circular depression excavated in Precambrian gneisses. 
The highly deformed and fractured basement and the 
exposed crater-filling sediments outline a simple impact 
structure (Riis et al., 2011).
Earlier geological studies in the Ritland area mostly 
focused on the well preserved Cambrian fossils. Bjørn 
Anderson first discovered the Cambrian fossils from the 
Ritland locality in 1949, and they were later described by 
Henningsmoen (1952). Sigmond (1978) produced the 
first regional geological map of the area. The presence 
of polymictic, immature breccias with gneissic blocks 
in the Ritland area was suggested to be related to rifting 
or faulting (Spjeldnæs, 1985). Bruton & Harper (2000) 
studied a Middle Cambrian shelly fauna from the Ritland 
area and explained its implications for the shallow-
water marine setting of this locality. Later, Knaust (2004) 
studied trace fossils from the Cambro–Ordovician 
sediments of the Ritland area and commented on their 
depositional environment. An impact origin for the 
Ritland structure was first proposed by Riis (2001) 
based on geological mapping of the circular structure 
and deformed basement. Later, in 2007, the presence 
of impact-melt rocks and quartz grains with shock-
metamorphic features confirmed its impact origin (Riis 
et al., 2008). 
The present study focuses on the distribution, texture, 
mineralogical composition, structure and geometry 
of the crater-filling sediments, aiming to infer the 
depositional processes and to deduce a relevant crater-
filling history. In this study, the crater-filling sediments 
are grouped into three broad units: A) late syn-impact 
sediments, B) early post-impact sediments and C) 
late post-impact sediments. The ‘late syn-impact’ 
sediments (Dypvik & Kalleson, 2010) refer to the start 
of the crater modification stage (Melosh, 1989) and 
were deposited upon collapse of the transient cavity 
and slumping back into the crater. The time required 
for the deposition of the late syn-impact sediments was 
probably less than a minute for a simple impact structure 
like Ritland (Shuvalov et al., 2012). Early post-impact 
sediments (Dypvik & Kalleson, 2010) were derived 
from erosion of the cavity walls and rims and deposited 
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conglomerate, shaly sandstone and limestone resting on 
the basement and overlain by phyllitised alum shales in 
the northern part of Rogaland has been described by 
Goldschmidt (1925). This basal conglomerate has been 
interpreted as reworked, weathered basement deposited 
during the early stages of a marine transgression 
(Andresen, 1982). Outside the Ritland crater, a thin layer 
(<30 cm) of basal conglomerate has been found consisting 
of quartz, feldspar and gneissic clasts in a sandy-silty 
matrix, covered by a c. 10 m-thick silty-shale layer 
(Setså, 2011). These sediments were probably deposited 
before the impact, as evidenced by their stratigraphical 
position and the presence of a possible overlying ejecta 
layer (Setså, 2011). The Middle Cambrian successions 
across Baltoscandia are characterised by ‘Alum Shale’ 
(Bergström & Gee, 1985; Nielsen & Schovsbo, 2007). 
The great areal extent indicates deposition on a stable, 
shallow-marine, epicontinental sea platform (Bruton et 
al., 2010). Deeper water conditions of the epicontinental 
sea prevailed in the western parts of Oslo (Bruton et 
al., 2010) whilst a shallow-water facies belt has been 
identified in Sweden and western Norway (Bruton & 
Harper, 2000). Hallam (1981) suggested a water depth of 
<200 m for this epicontinental sea.
When the bolide impacted, Ritland was probably part 
by gravity-controlled processes at early stages of crater 
modification, which began minutes after the impact. 
These successions are more erosion dominated and were 
deposited under water-saturated conditions (Dypvik & 
Kalleson, 2010). The late post-impact successions filled 
the crater in the late stages of crater sedimentation and 
represent part of a widespread regional succession. 
Only the late syn-impact (A) and early post-impact (B) 
sediments are discussed in this paper. 
Regional geology
The granitic/gneissic sub-Cambrian peneplain, overlain 
by a thin, marine, Cambrian sedimentary cover, was the 
target surface for the Ritland impact (Riis et al., 2011). 
The peneplain represents a long hiatus between the 
Precambrian basement and deposition of the overlying 
Cambro–Silurian successions. The timing of crater 
formation is assumed to be Early to Mid Cambrian (Riis 
et al., 2011).
Lower Cambrian strata are found on the peneplain 
surface at several places in southern and western Norway 
(e.g., Hardangervidda, Mjøsa) (Martinsson, 1974; 
Nielsen & Schovsbo, 2011). A thin (1–3 m) sequence of 
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A Figure 1. (A) Location map of the Ritland impact structure. Other 
Fennoscandian impact structures are shown by black dots (modi-
fied from Dypvik et al., 2008). (B) Geological map of the Ritland 
impact structure based on topographic maps with rivers, lakes 
(blue), roads (black) and 20 m-interval contour lines (brown), sho-
wing the general outline of the crater-filling sediments and major 
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from Riis et al., 2011); the fenced area is Fig. 2A, which shows the 
detailed facies distribution.
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studying the competence vs. flow thickness throughout 
the logged sections (Figs. 5, 10 and 11). 
At the Bjødnabuhaugen section, a comprehensive log 
of the crater-filling sediments was constructed covering 
the northern margin of the crater wall (Figs. 2A and 
10). A log of the Stemhaugen area (Figs. 2A and 11) 
shows crater-filling sediments at the western margin of 
the crater wall. The relative proportions of matrix and 
clasts were estimated in the field and documented in the 
sedimentary logs.
The matrix-clast proportions and the matrix 
compositions also were studied in thin-sections. A total 
of 106 thin-sections have been examined under optical 
and scanning electron microscopes. Modal compositions 
(400 grain counts) were determined for 27 of these thin-
sections (Table 1). Semiquantitative determination of 
mineralogical composition for 40 bulk samples was based 
on peak heights (Morris et al., 2008) of data from XRD 
(X-ray diffraction) analysis, using a Philips X’Pert MPD, 
at the University of Oslo. The results are presented in 
Table 2. Quartz, K-feldspar, plagioclase, calcite, dolomite, 
mica and chlorite were quantified with respective peak 
values of (d = 4.26 Å), (d = 3.24 Å, 3.25 Å), (d = 3.18 Å, 
3.19 Å), (d = 3.03 Å), (d = 2.89 Å), (d = 10 Å) and (d 
= 7 Å). The Wentworth (1922) scale was used for grain-
size classification. Folk’s (1974) classification scheme 
was used for identification of breccia, conglomerate, 
conglomeratic sandstone, sandstone, etc. 
Field observations
The late syn- and early post-impact sediments in the 
Ritland impact structure have been described from 
three different depositional areas showing individual 
fan-like distributions developed from different parts of 
the crater wall. The three different depositional areas 
are: 1) Svodene–Ritlandsfjellet, 2) Bjødnabuhaugen 
and 3) Stemhaugen (Fig. 2A). Of these three, the 
crater-filling sediments are particularly well exposed 
at the southwestern margin of the crater at Svodene–
Ritlandsfjellet (Fig. 2A). The base of the late syn-impact 
sediments and the top of the early post-impact sediments 
has been found only in this area (Fig. 2A). An informal 
lithostratigraphical unit ‘Svodene’ has been proposed 
for describing these crater-filling sediments (Riis et 
al., 2011). At Bjødnabuhaugen, along the northern 
margin of the crater, the upper stratigraphical column 
is well exposed (Fig. 2A), whereas the sediments of the 
lower stratigraphical column are more scarce. Along the 
western margin at Stemhaugen, much of the late syn- and 
early post-impact sediments have been subjected to local 
rock slides and erosion (Fig. 2A). In the east and towards 
the centre, late post-impact fine-grained sediments are 
exposed, whereas impactites in the central part of the 
crater are covered by Holocene sediments (Fig. 2A).
of an epicontinental shallow-marine setting. Middle 
Cambrian fossils (Bruton & Harper, 2000) found in the 
upper part of the thick marine shales within the crater 
suggest that the crater was completely submerged during 
that time (Riis et al., 2011). A regionally developed 
sandstone unit caps the Cambrian shale across the crater 
margin, representing a later shallowing of the Cambrian 
sea (Riis et al., 2011). The Caledonian Orogeny led to 
the extensive formation of thrust sheets (Bergström & 
Gee, 1985) associated with transport towards the east 
and southeast with emplacement above the crater-filling 
sediments (Fig. 1B). 
Impact geological setting
At Ritland, a c. 300 m-thick succession of Cambro–
Ordovician sedimentary rocks is found at a level below 
the sub-Cambrian peneplain, indicating the presence of a 
topographic crater depression 2.7 km in diameter (Riis et 
al., 2011). The approximate crater depth is considered to 
be 350 m (Riis et al., 2011). According to the scaling laws 
of Melosh (1989) and numerical simulation (Shuvalov et 
al., 2012), the diameter of the projectile responsible for 
the Ritland crater is estimated to be 115 m. The transient 
cavity and depth can be calculated as 2.2 km and 776 
m, respectively, while the crater-rim height and the 
apparent crater depth can be calculated as 110 m and 550 
m, respectively (Earth Impact Effects Program, http://
impact.ese.ic.ac.uk). 
Materials and methods
Detailed field investigations were carried out in 
order to map the sedimentary successions exposed at 
Ritlandsfjellet, Ritlandstjønna, Svodene, Bjødnabuhaugen 
and the Stemhaugen area (Fig. 2A). Sedimentological 
logs (Figs. 3, 5, 10 and 11) were prepared for all of these 
sections in order to understand the facies distribution. 
A geological profile from the hypothetical crater centre 
to the Svodene–Ritlandsfjellet area was constructed to 
define the stratigraphical relations of the sediments to 
the crater wall and rim (Fig. 2B). Three sedimentary 
logs (RITF–1, RITF–3 and RITF–4) were constructed 
within close vicinity to the Svodene–Ritlandsfjellet area 
to obtain a three-dimensional impression of the crater-
filling sediments at the crater’s southwestern margin (Fig. 
3). 
Detailed clast counts (sub)parallel to the bedding planes 
of the breccia and conglomerates were carried out for 
textural and compositional analysis. Twenty square 
grids (0.5 m x 0.5 m) for the lower stratigraphical 
part and thirty square grids (1.0 m x 1.0 m) for the 
upper stratigraphical part were selected where clast 
composition, size and shape were documented (Fig. 6). 
The average size of the ten biggest clasts within each bed 
divided by bed thickness has been used as a proxy for 
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Figure 2. (A) Facies-distribution map of 
the Ritland impact structure, with rose 
diagrams showing the flow directional 
measurements (strikes) of different sedi-
mentary structures logged in the RITF–
Ritlandsfjellet and STH–Stemhaugen 
sections. The other locations on the map 
are RITS–Ritlandstjønna, SVD–Svodene 
and BBH–Bjødnabuhaugen. Sedimentary 
units, LBU–Lower Breccia Unit, UBU–
Upper Breccia Unit, SU–Sandstone Unit. 
Cross section along X– X’ is shown in Fig. 
2B and a stratigraphical profile (red, dotted 
line) of the SVD–RITF section is shown in 
Fig. 3. (B) Geological cross-section (X– X’ 
in Fig. 2A) illustrating the stratigraphical 
relation ship of the major sedimentary units 
from the crater centre towards the Svodene– 
Ritlandsfjellet area. The base of the crater 
and the subsurface distribution of the dif-
ferent sedimentary units have been drawn 
conceptually.
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diffuse. In most cases the breccias containing particles 
of melt origin interfinger both laterally and vertically 
with clastic breccias (Fig. 4). The LBU consists mainly 
of breccias referable to four major facies: i) matrix-
supported breccia, ii) clast-supported breccia, iii) clast-
supported conglomerate and iv) matrix-supported 
conglomerate (Figs. 3, 4 and 5). 
Matrix-supported breccia: In the Ritlandsfjellet area (log 
RITF–4 in Fig. 3), the lowermost part of the LBU is marked 
by two breccia beds showing a matrix-supported texture 
(Fig. 4). These beds consist of  angular, granitic/gneissic 
clasts 2–3 cm in size in a dark-grey to blackish sandy 
matrix. The lowermost bed contains brownish, centimetre-
size, elongate, reworked particles of melt origin (Fig. 4) 
and displays a slightly erosional contact to the underlying 
devitrified rock succession of melt origin (Kalleson et 
al., submitted) and a gradational contact to the overlying 
beds. The particles of melt origin (0–20%) vary both 
laterally and vertically. The uppermost bed is dominated 
by lithic clasts with only sporadic particles of melt origin. 
Svodene–Ritlandsfjellet area
The sedimentary succession of the Svodene– 
Ritlandsfjellet area is composed of three general 
stratigraphical units: i) Lower Breccia Unit, ii) Sandstone 
Unit and iii) Upper Breccia Unit (Fig. 3). The minor 
(~2 m thick), dark, devitrified rock succession of melt 
origin present at the lowermost stratigraphical position 
(overlying brecciated basement) (Figs. 2A and 3) is not 
discussed in this paper as it will be presented in Kalleson 
et al. (submitted).
Lower Breccia Unit (LBU)
The total thickness of the Lower Breccia Unit (LBU) at 
Svodene–Ritlandsfjellet is approximately 11 m, with 
the lower 7 m exposed in the Ritlandsfjellet area (Figs. 
2A, 3 and 4), whilst the upper 4 m is exposed in the 
Ritlandstjønna area (Figs. 2A and 5). At Ritlandsfjellet, 
the LBU overlies a thin rock succession of melt origin 
(Figs. 2A, 3 and 4). The contact between the rock 
succession of melt origin and overlying LBU is rather 
Figure 3. Generalised stratigraphy of the late syn-impact and early post-impact sediments based on the exposed successions of the southwestern 
crater wall, Svodene–Ritlandsfjellet area (modified from Tomczyk, 2010). Geographical positions of the RITF logged sections can be seen in Fig. 2A.
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Figure 4. Sedimentary succession of the Lower Breccia Unit exposed in the Ritlandsfjellet area. The red, hatched line marks a possible boundary 
between the underlying rock succession of melt origin (~2 m thick) and overlying breccia beds (~7 m thick). The enlarged section displays matrix-
supported breccias with centimetre-size, elongate, reworked particles of melt origin, laterally and vertically interfingering with lithic clasts in a dark 
grey to blackish sandy matrix. The overlying, clast-supported breccia beds are often visible in the terrain as elevated ridges and hummocky features 
(black, hatched lines). 
Figure 5. (A) Sedimentological log of the upper part of Lower Breccia Unit, Ritlandstjønna area. The average size of the ten largest clasts (MPS) 
is plotted (right side) against bed thickness (BTH) (the number represents the MPS/BTH ratio). (B) Conglomeratic sandstones, coarse clasts at the 
bottom and finer near the top, with evidence of clast imbrications at the base of the bed. (C) Clast-supported conglomerate; crudely stratified, poorly 
sorted, with an increased amount of sandy matrix; the enlarged part of the photo shows a faint erosional base and more matrix-rich sandy inter-
layers at the top.
ParƟcles of melt origin
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3m
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0.2 to 1.4 (Fig. 5A). Clast counting on the bedding 
plane revealed that the clast size varies from less than a 
centimetre to a few tens (10–20) of centimetres, but does 
not exceed 50 cm (Fig. 6).
Matrix-supported conglomerate: These beds form the 
uppermost part of the LBU and grade into conglomeratic 
sandstones above (Fig. 5A). The beds are 5 to 25 cm thick 
and relatively well developed. The clasts are mostly of 
quartzite, 0.5–2 cm, locally 5–7 cm, and are subrounded 
to rounded. A gradual decrease in clast size and a 
corresponding increase in matrix content become more 
evident towards top. The sediments are poorly sorted and 
show clast imbrications along the base of the bed (Fig. 5B). 
Sandstone Unit (SU)
In the Svodene–Ritlandsfjellet area, the sandstone-
dominated unit has been logged at two different sections 
(RITF–1 and –4) (Figs. 2A and 3). The thickness of this 
SU is about 15 m, with a gradual lower boundary to the 
LBU. Presently, the top surface of the SU is exposed at 460 
to 480 m above sea level (Fig. 2B), approximately 260 m 
below the reference level of the peneplain. Palaeocurrent 
flow measurements in the SU, e.g., from cross-beds 
and ripple marks, strike within the range of 40°–110°, 
reflecting a unimodal (east-northeastward) palaeocurrent 
flow direction (Fig. 2A). Generally, the SU is an arkosic 
arenite, fine to medium grained with subangular to 
subrounded grains, and appears to be moderately sorted. 
It is characterised by significant lateral and stratigraphical 
textural variations. Different facies types were identified, 
e.g., massive sandstone, parallel-bedded sandstone, 
low-angle cross-stratified sandstone, conglomeratic 
sandstone, and soft-sediment deformed sandstone 
Clast-supported breccia: Clast-supported breccia 
beds overlying matrix-supported breccia beds vary in 
thickness from 20 cm to 2–3 m (Figs. 3 and 4). They are 
very poorly developed, forming wedges and dip at 10° to 
12° towards the crater centre. In the terrain, these beds 
are marked by elevated ridges and hummocky features 
(Fig. 4). The clasts range in size from a few centimetres 
(2–4 cm) to a few tens of centimetres (20–40 cm) and are 
angular to subangular, consisting of basement gneisses 
and dispersed pegmatitic clasts. The beds do not show any 
gradation and the matrix content is fairly low (5–10%). 
Clast-supported conglomerate: These sediments are 
located in the Ritlandstjønna area (log RITS) (Figs. 2A 
and 5) and stratigraphically overlie the clast-supported 
breccia beds of the Ritlandsfjellet area (Figs. 3 and 4). The 
clast-supported conglomeratic beds dip at 2–4° towards 
the crater centre. The bed thickness varies from 15 to 50 
cm (Fig. 5A). The beds are moderately developed, crudely 
stratified and sometimes show a faint erosional base to 
the underlying beds (Fig. 5C). The clasts are granitic and 
gneissic in composition; in a few cases, pegmatitic veins 
and an original gneissic foliation are preserved within 
these clasts. No trends of clast-size variation within the 
individual beds were found. The clasts vary in shape 
from angular to subangular, and subrounded to rounded. 
Locally, larger clasts protrude on the top of the bedding 
planes (Fig. 5C). The clasts are larger (10–20 cm) in the 
lower part of this subunit and smaller (4–8 cm) in the 
upper part, showing an overall fining-upward sequence 
(Fig. 5A). Thin pebbly/sandy interlayers are found at 
the top (Fig. 5C). Large outsize (30–40 cm) clasts have 
been found within this subunit. The maximum clast 
size (MPS) vs. bed thickness (BTH) ratio varies from 
Figure 6. Compari son of average clast size and shape between the Lower Breccia Unit (LBU) and the Upper Breccia Unit (UBU). Clasts were 
counted along bedding planes in square grids in the Ritlandstjønna area for the LBU and on Svodene hill for the UBU. 
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fining-upward intervals are conglomeratic at the base and 
medium to fine grained towards the top (Fig. 7A). The 
coarsening-upward succession in the upper part consists 
of fine sand at the base and medium-grained sand towards 
the top. Both successions display some erosional scours 
and wavy laminations, and very faint ripple marks (Fig. 
7B) with occasional crenulated mud clasts 1–3 mm in size. 
Middle homogeneous sandstone: The middle part of 
the SU is mostly homogeneous (Figs. 3 and 7). These 
sandstones are fine to medium grained with subangular 
granitic clasts (~50 cm) locally embedded within them. 
Approximately two-metre thick, low-angle (9°), cross-
stratified sandstone beds are present and locally show 
erosional bases to the underlying sandstones (Fig. 7C). 
These particular sandstones are fine grained and consist 
of subangular grains of moderately sorted sand. 
Upper conglomeratic sandstone: The uppermost part of 
the SU is mostly homogeneous but locally coexists with 
beds of conglomerate (Figs. 3 and 8). The conglomeratic 
beds show sharp, erosional and commonly irregular 
bases towards the underlying homogeneous sandstone 
(Tomcyzk, 2010). The SU is divided into four facies units: 
i) lower conglomeratic sandstone, ii) parallel-bedded 
sandstone, iii) middle homogeneous sandstone and iv) 
upper conglomeratic sandstone (Figs. 3 and 7).
Lower conglomeratic sandstone: The thickness of the 
lower conglomeratic sandstone varies from 2 to 4 m (Fig. 
3), and the beds show a gradational transition towards 
the underlying breccias (Fig. 3). The clasts vary in size up 
to a few centimetres, and show an increasing roundness 
as compared to the LBU. The matrix is mostly a fine-
grained sand which increases significantly in amount 
upwards in the unit.  
Parallel-bedded sandstone: These sandstone beds are 
more or less parallel and 10–20 cm thick (Figs. 3 and 7), 
dipping with an angle of 10° to 15° towards the crater 
centre. The sandstones are fine to medium grained. 
Individual beds are capped by thin silt laminae (0.2–
0.8 cm), thus showing a fining-upward pattern. The 
overall development of this unit displays a fining-upward 
succession in the lower part, shifting to an upward-
coarsening trend in the upper part (Fig. 7). The lower, 
Figure 7. Sedimentological log of the Sandstone Unit, Ritlandsfjellet. Relative positions of the photos are shown to the left side of the log by photo 
number. (A) Fining-upward sequence, conglomeratic along the base and medium to fine grained with faint parallel lamination towards the top. 
(B) Wavy laminations and faint ripple marks in medium-grained sandstone. (C) Middle homogeneous sandstone, calcite-rich, low-angle, cross-
stratified sandstone beds (yellow box) are enlarged in a separate photo. For legend, see Fig. 3.
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(Fig. 9A). Sediments of the UBU occur as well-developed 
wedges and pinch out in the lower slope towards the 
crater centre. The individual beds dip at 20° and extend 
about 150 m from the steep crater wall towards the crater 
centre (Fig. 9A). The UBU in the Svodene–Ritlandsfjellet 
area is mainly clast-supported, but a few beds of matrix-
supported breccias have been found. Clast-counting 
results along the bedding-plane surfaces at the Svodene 
hill show that clast size ranges widely from centimetres 
to a few metres (Fig. 6). The clasts are subrounded to 
subangular (Fig. 6), commonly intensively fractured and 
have a similar granitic/gneissic composition as in the 
successions below and in the basement itself. 
Clast-supported breccia: The thickness of the individual 
beds of the clast-supported breccia ranges from 1 to 6 
m with a fairly low matrix content (<20%) (Fig. 3). An 
increase in the matrix content towards the top of each 
bed defines a poorly developed normal grading (Fig. 3). 
The clasts are mostly subangular to angular in shape and 
range in size from a few centimetres to the metre scale 
(Fig. 9B). The matrix appears to be homogeneous and 
consists of medium- to coarse-grained sand. 
beds (Fig. 8A) and range in thickness from 50 to 130 cm, 
dipping with an angle of 20° towards the crater centre (Fig. 
8A). Clast sizes within the conglomerates range from 2 to 
3 cm. Rare, large, outsize clasts (up to 90 cm) are found, 
commonly sitting on top of the sandstone beds (Fig. 8A). 
Different degrees of fracturing are commonly observed 
within these outsize clasts, which also contain dispersed 
pegmatitic veins (Fig. 8A). The clasts are subangular 
to subrounded and granitic to gneissic in composition, 
similar to the basement rocks. The sandstone beds 
are 40 to 100 cm thick and medium to coarse grained. 
Convolute laminations and very faint ripple marks have 
been found within the underlying sandstone beds (Fig. 
8A). Convolute lamination was probably formed by 
compaction caused by the overloading pressure of the 
clast-rich beds during syn-depositional stages. 
Upper Breccia Unit (UBU)
In the Svodene–Ritlandsfjellet area, the Upper Breccia 
Unit (UBU) reaches a maximum thickness of 50 m and 
thins rapidly to the west and east (Fig. 9A). This unit has 
an erosional contact towards the brecciated basement 
at the crater rim and progrades over the underlying SU 
Figure 8. (A) Homogeneous sandstone beds intercalated with conglomeratic beds, forming a local, erosional/irregular contact to the underlying 
sandstone beds. Outsize clasts (~90 cm) with different degrees of fracturing are dispersed within the sandstone beds. (B) Conceptual sketch of the 
coexistence of the conglomeratic beds and sandstones. (C) Partial transformation of the precursor debris flows into concentrated density flows 
during downslope movement of the flow (modified after Haughton et al., 2003). For legend, see Fig. 3.
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Svodene–Ritlandsfjellet area. The sediments of the lower 
stratigraphical column are scarcer in this area. The basal 
contact of the lower breccias is clearly erosional. Rare 
patches of the matrix-supported conglomerate have 
been found in lower stratigraphical positions; elsewhere 
it is mostly covered with vegetation. However, the field 
relationships suggest that the non-exposed section could 
be approximately 15 m thick. 
Upper Breccia Unit
The UBU in the Bjødnabuhaugen area is composed of 
breccias with a stratigraphical thickness of at least 60 m. 
Its contact with the brecciated basement in the crater wall 
is not exposed. The individual beds dip from 20° to 30° 
degrees, extending approximately 100 m from the northern 
crater rim towards the crater centre and also showing 
well-developed wedges and pinch outs towards the crater 
centre. These sediments are mainly clast supported, but a 
few metres of matrix-supported breccia and conglomeratic 
beds have been found. The Bjødnabuhaugen sediments are 
divided into three facies units:
Matrix-supported breccia/conglomerate: Matrix-
supported breccia beds are found intercalated with 
the clast-supported breccia beds (Fig. 3). The matrix-
supported beds range in thickness from 50 cm to 4 m 
where the maximum clast size reaches up to 70 cm. The 
matrix consists of medium- to coarse-grained sand, light 
grey to pink in colour; it is moderately sorted and the 
content may reach up to 70–80%. Faint laminations and 
typical flow features have been observed within some of 
the matrix layers. At the top of the Svodene hill, there 
are 2 m-thick, matrix-supported conglomeratic beds 
displaying radially elongated lobes (Fig. 9C). The lobes 
are 10 m wide and large outsize clasts are typically found 
in the snout. The beds display a clast-supported texture at 
the base but are more matrix-rich at the top. 
Bjødnabuhaugen area
At Bjødnabuhaugen, sediments of the upper 
stratigraphical column are well exposed (Fig. 2A) and 
can be correlated stratigraphically with the UBU of 
Figure 9. Sedimentary succession of Upper Breccia Unit (UBU), Svodene hill. (A) Fan-shaped geometry (convex up, east–west thinning) of the UBU 
sediments, extending from the crater rim to the crater centre, displaying an erosional contact (red, hatched line) to the underlying Sandstone Unit 
(enlarged photo to the right) and to the brecciated basement (orange, hatched line, enlarged photo to the left) at the crater rim. (B) Clast-supported 
breccia, the individual clasts are subangular to angular, extending to metre size. (C) Matrix-supported conglomerates with radially elongated lobes 
with large outsize clasts in the snout, UBU. 
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Figure 10. Sedimentological log of the Upper Breccia Unit in the Bjødnabuhaugen area. To the right, the average size of ten large clasts (MPS) is 
plotted against bed thickness (BTH). The photos are marked on the log with boxed figure numbers. (A) Conglomeratic sandstone, well-developed 
beds with sheet-like distribution. (B) Clast-supported breccia, locally with very big outsize clasts. (C) Erosional contact between the conglomeratic 
sandstone (below) and matrix-supported conglomerate (top); at the right-hand side of the picture, the lateral transition of the sandstone into 
conglome rate can be seen. All the photos taken from the Bjødnabuhaugen section (Fig. 2A). 
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Stemhaugen area
The sedimentary succession at Stemhaugen is not 
well exposed; mostly covered by recent vegetation and 
commonly subjected to local rock slides. The contact 
between the sediments and the brecciated basement has 
not been found here. Field relationships suggest that the 
non-exposed missing section could be approximately 10 
m in thickness. Presently, the sedimentary succession at 
Stemhaugen is only found at lower elevations (425–455 
m), approximately 300 m below the reference level of the 
peneplain, thus representing the lower stratigraphical 
levels of the crater-fill sediments, possibly correlatable 
with the LBU and the lowermost part of the SU in the 
Svodene–Ritlandsfjellet area. The sedimentary succession 
in the Stemhaugen area is mainly clast supported at 
the base (~25 m thick), grading into matrix-supported 
conglomerate to conglomeratic sandstone (~12 m thick) 
towards the top (Fig. 11). Faint cross-beds found in the 
conglomeratic sandstones reflect a southeastward flow 
direction (Fig. 2A). A sedimentary succession (5–6 m) 
of very coarse (10 cm to >1 m), angular to subangular, 
clast-supported breccias with a fine-grained matrix has 
been found between the crater lakes (Fig. 2A), possibly 
representing a slumped (lowermost) section derived 
from the western part of the crater wall.
Clast-supported conglomerate: The base of the 
sedimentary succession in the Stemhaugen area is marked 
by clast-supported conglomerates. Bedding is poorly 
developed and shows normal grading to no grading in the 
lower part, whereas a crude reverse grading is seen in the 
upper part (Fig. 11A). The individual bed thickness ranges 
from 1 to 4 m. The clasts are subangular to subrounded, 
poorly sorted and granitic and gneissic in composition. 
In a few cases, pegmatitic veins and original gneissic 
foliation are preserved within these clasts. Clast size ranges 
generally from 4 to 20 cm, but a few clasts up to 50 cm 
have been found. The matrix content is fairly low (5–10%), 
consisting mostly of fine- to medium-grained sand with 
occasional patches of coarse-grained sand.
Matrix-supported conglomerate: The matrix-supported 
conglomerate beds (Fig. 11B) show gradational 
boundaries to the underlying clast-supported breccias. 
The beds are relatively well developed and range in 
thickness from 10 to 15 cm. Clast size ranges from 3 
to 7 cm, and the clasts are subangular to subrounded 
with characteristic granitic and gneissic compositions. 
Some larger outsize clasts of 15 to 30 cm size have been 
found; an upward decrease in clast size and increase in 
matrix content (up to 75%) can be quite prominent in the 
individual beds. The matrix consists of light grey, fine- to 
medium-grained sand, locally showing faint laminations.
Conglomeratic sandstone: The conglomeratic 
sandstone unit (Fig. 11C) is approximately 8 m thick. 
Individual beds are well developed (10–15 cm thick), 
consisting of grey, moderately sorted, fine- to medium-
grained sand with local indications of cross-bedding. 
Clast-supported breccia: In the Bjødnabuhaugen area, 
the thickness of individual clast-supported beds ranges 
from 1 to 2 m (Fig. 10). The average maximum clast size 
ranges from 30 to 50 cm. Metre-sized (outsize) clasts 
have also been found (Fig. 10B). The clasts display high 
degrees of fracturing with typical ‘crackle’ or ‘jigsaw-
breccia fabric’ (Blair & McPherson, 1994). The bedding 
planes are generally poorly developed. Individual beds 
locally show crude reverse grading to almost no grading, 
displaying hummocks and arcuate ridges to the overlying 
beds (Fig. 10B). The maximum clast size vs. bed thickness 
plot shows that the largest clasts are in the thickest beds, 
and are found in the middle part of the section (Fig. 10). 
Thin beds with smaller clast sizes are found in the upper 
and lower parts (Fig. 10). Lateral changes in clast shape 
and size are commonly observed. The matrix is mostly 
coarse-grained sand, but locally a gravel-size matrix has 
been found. The matrix is light grey, and the grains in 
the matrix are angular to subangular in shape, poorly 
sorted and have a composition comparable to that of the 
common clasts. 
Matrix-supported breccia/conglomerate: The matrix-
supported breccias are found in the lower and upper 
parts of the section (Fig. 10). The matrix-supported beds 
range in thickness from 25 cm to 2 m. The average clast 
size of the matrix-supported beds is 5–10 cm, though 
bigger clasts up to 50 cm have been found. The matrix 
content varies from 40 to 80%, and the matrix itself is a 
medium- to coarse-grained sand of light grey to brown 
colour. Faint laminations have been found within these 
matrix layers. In the Bjødnabuhaugen area, matrix-
supported beds grade into parallel-bedded conglomeratic 
sandstones (Fig. 10).
Parallel-bedded conglomeratic sandstone: A few 
metres of parallel-bedded conglomeratic sandstone beds 
have been found in the lower part of the Bjødnabuhaugen 
section (Fig. 10). The sandstone beds in the lower part are 
5 to 10 cm thick, well developed, fine to medium grained 
and show a slight coarsening-upward trend (Fig. 10). 
Clasts up to 5 cm in size have been found within these 
sandstone beds, with the clast size appearing to increase 
upwards. The sandstone beds locally show a lateral 
variation from matrix-supported to clast-supported 
texture (Fig. 10C). Near the top, a 10 m-thick sequence 
of conglomeratic sandstone beds is present, which 
grades upward from matrix-supported conglomerate 
to conglomeratic sandstone (Fig. 10). These sandstone 
beds are 2–4 cm thick, well developed, crudely stratified 
and planar in nature, and commonly show a sheet-like 
distribution (Fig. 10A). They consist of grey to light 
brown, medium- to coarse-grained sand with some 
clasts. The clast size generally ranges from 5 to 10 cm, 
but locally up to 15 cm. Towards the top, outcrops of the 
conglomeratic sandstone beds are highly weathered and 
oxidised (Fig. 10A). 
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(feldspar rich, quartz poor) (Table 2). The crater-filling 
sediments are rich in feldspar and poor in quartz, with an 
average quartz/feldspar ratio of 0.20 (XRD) (Tables 1 and 
2). This can be compared with an average quartz/feldspar 
ratio of the gneissic basement rocks of 0.26 (XRD) (Table 
2), indicating a short transport history and a very local 
source for these crater-filling sediments.
The clast-supported and matrix-supported conglome-
ratic beds at Stemhaugen were compared mineralogically 
to the similar facies in the Svodene–Ritlandsfjellet area 
Large, outsize clasts (10 to 12 cm) are locally present 
within these sandstone beds. 
Mineralogical observations
Thin-section and x-ray diffraction (XRD) analyses of 
each facies from the three different depositional areas 
(Tables 1 and 2) show a very similar mineralogical 
composition and are comparable to the general 
composition of the granitic and gneissic basement 
Figure 11. Sedimen-
tological log of the 
Stemhaugen sec-
tion. To the right, the 
average size of ten 
large clasts (MPS) is 
plotted against bed 
thickness (BTH). The 
photos are marked on 
the left side of the log. 
(A) Clast-supported 
con glomerate show ing 
crude reverse grad ing. 
(B) Matrix-supported 
conglomerate. 
(C) Conglomeratic 
sand stone with well-
developed beds. 
For legend, see Fig. 3.
38 
36 
34 
32 
30 
28 
26 
22 
18 
16 
14 
12 
10 
8 
6 
4 
2 
20 
24 
0 
cl
ay
 
sil
t 
VF
 
F M
 
C 
VC
 
G
 P 
C 
Clay Sand Gravel 
18 
14 
6 
2 
20 
0 
4 
8 
10 
12 
16 
22 
24 
26 
28 
30 
32 
34 
36 
38 
60 0 20 40 30 10 50 
A  
B  
C  
A  
B  
C
420 A.S. Azad et al. NORWEGIAN JOURNAL OF GEOLOGY 
‘planar deformation features’ (PDFs) have been found 
only in the lower part of the LBU sediments from the 
Svodene–Ritlandsfjellet area. The sporadic occurrence of 
calcite, mica and amphibole minerals is more common 
in the LBU sediments from Svodene–Ritlandsfjellet than 
in those from the Stemhaugen area (Tables 1 and 2). 
Apatite, monazite, iron oxides (e.g., haematite) (Fig. 14C) 
and carbonates (e.g., ankerite and siderite) are only found 
in small amounts in a few samples as a minor matrix 
component (Tables 1 and 2).
The mineralogy of the conglomeratic sandstones in the 
Stemhaugen area was compared to that in the lower 
conglomeratic sandstones of the Svodene–Ritlandsfjellet 
area. Both the thin-section and the XRD analyses show 
that the conglomeratic sandstones from Svodene–
Ritlandsfjellet show slight differences in their quartz/
feldspar ratio compared to the conglomeratic sandstones 
in the Stemhaugen section (Figs. 12 and 13; Tables 1 and 
2). Greater amounts of chlorite, mica and amphibole 
have been found in the lower conglomeratic sandstones 
from Svodene–Ritlandsfjellet area as compared to similar 
stratigraphical levels at Stemhaugen (Tables 1 and 2). 
(Tables 1 and 2) in order to detect any difference in 
the sediment source between these areas. The clast-
supported conglomerate beds from both these areas 
display comparable quartz/feldspar ratios (Figs. 12 
and 13; Tables 1 and 2). The quartz/feldspar ratio of 
the matrix-supported conglomerate beds from the 
Stemhaugen section is higher than in the Svodene–
Ritlandsfjellet area (Figs. 12 and 13; Tables 1 and 2). The 
K-feldspar content dominates in the LBU sediments 
from the Svodene–Ritlandsfjellet area compared to the 
sediments from the Stemhaugen area (Table 2). 
The LBU sediments from both Svodene–Ritlandsfjellet 
and Stemhaugen generally have better rounded quartz 
grains compared to feldspar grains. Some exceptionally 
rounded quartz grains have been found within these 
sediments from both areas (Fig. 14A). Feldspar grains (up 
to 5 mm in size) are highly angular showing a high degree 
of grain fracturing and evidence of in situ disintegration 
(Fig. 14B). The SEM studies revealed that very fine-
grained, recrystallised quartz and feldspar grains 
constitute the major part of the matrix components, 
whilst titanite, authigenic mica and pyrite are found in 
minor amounts. Melt particles and quartz grains with 
Figure 12. Quartz/
feldspar ratios of the dif-
ferent facies types in dif-
ferent depositional areas. 
The quartz and feldspar 
contents are based on 
grain counts (400) in 
thin-sections. STH–Stem-
haugen, RITF–Ritlands-
fjellet, SVD–Svodene and 
BBH–Bjødnabuhaugen. 
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mica, calcite and amphibole (Tables 1 and 2). Gneissic 
clasts (up to 4–8 mm) and angular to subangular feldspar 
grains (up to cm size) with possible planar fractures are 
commonly found in the UBU sediments in both areas. 
Thin-section study shows that the clast-supported breccia 
beds of Svodene–Ritlandsfjellet have slightly higher 
quartz/feldspar ratios compared to the clast-supported 
breccia beds of the Bjødnabuhaugen area (Fig. 12; Table 
1). The K-feldspar content of clast-supported breccia 
beds in the Svodene–Ritlandsfjellet area is higher than 
in the Bjødnabuhaugen area (Table 2). Matrix-supported 
breccia/conglomeratic beds in the Bjødnabuhaugen 
section have higher quartz/feldspar ratios compared to 
the matrix-supported beds of the Svodene–Ritlandsfjellet 
area (Fig. 12). Contents of accessory minerals, e.g., mica 
and amphibole, are slightly higher in the upper breccia 
sediments of Svodene–Ritlandsfjellet compared to 
those at Bjødnabuhaugen. Generally, matrix-supported 
breccias have higher quartz/feldspar ratios compared to 
the clast-supported breccias in both areas (Tables 1 and 
2). 
The quartz/feldspar ratio in different facies of the 
sandstone unit at Svodene–Ritlandsfjellet varies 
according to their grain size (Figs. 12 and 13). The 
parallel-bedded sandstones have higher quartz/feldspar 
ratios compared to other sandstone facies (Figs. 12 
and 13; Tables 1 and 2). Fining-upward beds of the 
parallel-bedded sandstones have slightly higher quartz/
feldspar ratios compared to the coarsening-upward 
succession (Fig. 13). Homogeneous sandstones (cross-
stratified beds) at intermediate stratigraphic levels are 
rich in calcite cement (Tables 1 and 2). The cement 
shows a poikilotopic texture where it fully occupies the 
pore spaces and reflects an early stage of cementation 
(Fig. 14D). A decrease in the quartz/feldspar ratio has 
been observed in the upper conglomeratic sandstones 
compared to the other underlying sandstone facies (Figs. 
12 and 13; Tables 1 and 2) in the Svodene–Ritlandsfjellet 
area. 
The mineralogical composition of the UBU sediments 
of Svodene–Ritlandsfjellet was compared with the UBU 
sediments of Bjødnabuhaugen (Tables 1 and 2). The UBU 
sediments in both depositional areas have comparable 
quartz and feldspar contents with local enrichment of 
Figure 13. Major sedimentological characteristics of different facies and their possible depositional mechanisms. Quartz/feldspar ratio obtained 
from thin-sections (400 grains counted) and XRD analyses of the different facies are also shown. (FUP–fining-upward sequence, CUP–coarsening-
upward sequence, MPS–maximum particle size, BTH–bed thickness).
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Lower Breccia Unit
The presence of dispersed particles of melt origin and 
shock-metamorphic features in quartz grains from the 
lower part of the LBU in the Svodene–Ritlandsfjellet area 
confirms its late syn-impact origin. According to Melosh 
& Ivanov (1999), the crater modification stage of a simple 
impact structure starts with the slumping and collapse of 
the steep, transient cavity walls. Lenses of crushed rock 
generated by slumping of the transient cavity eventually 
slide and avalanche down towards the centre of the crater 
as different mass and gravity flows, depending on factors 
such as the composition of the target area, slope failure 
and temporal fluidisation of the sediments (Melosh, 
1989). 
The mechanism of large rock avalanches at impact 
craters was described by Davies (1982) and Melosh 
(1987), whilst Hewitt (1999) summarised some key 
morphological and sedimentary features of rock 
avalanche deposits. ‘Rock avalanches’ have been defined 
Discussion 
The late syn-impact and early post-impact sediments 
from different depositional areas in the Ritland impact 
structure show dramatic differences in grain size and 
shape both laterally and stratigraphically. The mineralogy 
of the clasts and matrix, however, does not differ much 
and is very similar to that of the local gneissic basement. 
In all the studied sections, the clast size varies from 
centimetre to metre scale within very short lateral and 
vertical distances, representing short time intervals 
and a local history of gravity-controlled sedimentation. 
Insignificant amounts of finer-grained sediments, i.e., 
clay/silt fractions, within these sections represent a short 
and locally controlled transport of fresh, unweathered 
material which was probably derived from the different 
parts of the steep, unstable crater walls and rims, and 
deposited as individual fans prograding towards the 
crater centre. 
Figure 14. Microphotographs of typical crater-filling sediments. (A) Exceptionally well-rounded quartz grain from Lower Breccia Unit (LBU) sedi-
ments, Ritlandsfjellet area. (B) Large (5 mm), fresh, highly angular and fractured feldspar grain from LBU sediments, Ritlandsfjellet. (C) Iron oxide 
minerals, locally found as coatings around grains within clast-supported conglomerates, LBU, Ritlandstjønna area. (D) Calcite-cemented sandsto-
nes, from middle homogeneous sandstones, SU, Ritlandsfjellet area.
A
C  
B  
D  
0.5mm 
0.5mm 
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beds (Fig. 5C). Outsize (30–40 cm) clasts have locally 
been found embedded within the clast-supported 
sediments, displaying variable degrees of fracturing. 
Larger clasts were also found along the bedding planes 
(Fig. 5C). This can be due to the ‘rolling’ motion 
(Iverson, 1997) generated in the debris flows where the 
larger grains are engulfed at the flow head and dispersed 
away from the flow through increased frictional strength 
(Mulder & Alexander, 2001).
These clast-supported conglomeratic beds were 
probably deposited during the seawater resurge when 
the crater was behaving more like a subaerial target 
crater. These debris-flow deposits are more reminiscent 
of subaerial deposition and were probably deposited 
under open atmospheric conditions. Nemec & Steel 
(1984) summarised some of the typical distinguishing 
features for subaerial and subaqueous debris-flow 
deposits. They claimed that subaqueous debris-flow 
deposits generally have higher matrix contents and 
have better clast alignment, imbrications and grading, 
and a marked upward increase in matrix content. They 
are typically capped by massive or rippled fine-grained 
sandstones, and commonly possess sand sills and dykes 
and deformation structures. Subaerial debris-flow 
deposits have sheet-like configurations with insignificant 
basal erosion, and beds are ungraded to well graded, 
quite commonly containing large, outsize clasts and 
showing a significant positive correlation between their 
bed thickness and maximum clast size. The maximum 
particle size (MPS)/bed thickness (BTH) ratio for the 
subaerial debris-flow deposits normally is higher (3 or 
less) than for subaqueous debris-flow deposits. The clast-
supported conglomeratic beds in the Ritlandstjønna 
area show similarities with the diagnostic features of 
subaerial debris-flow deposits. The MPS/BTH ratio of 
these sediments (Fig. 5A) varies between 0.2 and 1.5, with 
an average value of 0.5. A significant positive correlation 
between bed thickness and maximum clast size is also 
evident.
The relatively thick sequence of clast-supported 
conglomerates found at the Stemhaugen section (Fig. 11) 
can be stratigraphically correlated with clast-supported 
conglomerates from the Ritlandsjønna area. The clast 
and matrix mineralogy (Tables 1 and 2) of this part of the 
Stemhaugen succession has close similarities with that 
at Ritlandsjønna, but there are differences in clast size, 
bed thickness and matrix content (Fig. 11). The beds are 
poorly developed with a low MPS/BTH ratio (average 
0.17) and show crude reverse grading (Fig. 11). This 
succession probably also represents a subaerial, cohesive, 
debris-flow deposit. However, as it is highly eroded, 
subjected to local landslides and in many places covered 
by vegetation, a more precise interpretation is precluded. 
Debris flows may undergo flow transformation during 
downslope movement, especially through mixing 
with water and dilution of the flow head, to become 
by Kessler & Bédard (2000) as “large dislodged rock 
mass flows moving rapidly down slopes as a mobile, 
fluidal, close packing of blocks and fragments that jostle, 
bump, push, collide and fragment each other during their 
transport”. Rock avalanche deposits are generally very 
poorly sorted with a mixture of mega-blocks, boulders 
and cobble-size fragments, gravel, sand and mud. The 
individual clasts are generally very angular and in some 
cases may form a jigsaw fit in the breccia. The rock 
avalanche mechanism has been compared to grain flows, 
having an erosional base and variably developed reverse 
grading (Blair & McPherson, 1994). 
The clast-supported breccias (Figs. 2, 3 and 4) exposed in 
the Svodene–Ritlandsfjellet area show evidence of having 
been deposited from rock avalanches. These sediments 
are very poorly sorted and consist of a similar lithology 
to the basement (target surface) breccia, displaying the 
original gneissic foliation within the clasts. The matrix 
content within the clast-supported breccia is fairly low 
(5 to 10%) and the mineral composition is comparable to 
that of the clasts. All these features show close a similarity 
with rock-avalanche deposits. Clast-supported breccia at 
the lower stratigraphical level has been found neither in 
the Stemhaugen succession nor in the Bjødnabuhaugen 
section. However, the sedimentary succession (5 m) 
occurring between the lakes in the Ritlandstjønna area 
(Fig. 2A) possibly represents remnants of a major slump 
involving rock avalanches.
The 2 m-thick, clast-supported conglomerate beds of the 
Ritlandsjønna area (Fig. 5) stratigraphically overlying 
the breccia beds of the Ritlandsfjellet area most likely 
represent a debris-flow unit and could be classified as 
cohesive debris-flow deposits. Cohesive debris flows 
display en masse depositional characteristics, with the 
cohesive strength of the matrix acting as the dominant 
clast-support mechanism; the matrix is typically fine 
grained with a significant content of clay-sized particles 
(Costa & Williams, 1984; Gani, 2004). The matrix 
content within the clast-supported conglomerate beds 
in the Ritlandsjønna area is fairly low and consists 
mostly of fine- to medium-grained sand and silt, with 
an insignificant clay fraction. The cohesive strength can 
be enhanced by a number of other factors in subaerial 
debris flows, e.g., buoyancy and pore pressure (Mulder 
& Alexander, 2001). The diagnostic features of a cohesive 
debris-flow deposit include basal inverse grading (shear 
flow), an ungraded flow body (plug flow) and a sandy 
upper part (water lain) (Larsen & Steel, 1978; Nemec & 
Steel, 1984; Hubert & Filipov, 1989). The clast-supported 
conglomerate beds of Ritlandsjønna have some 
similarities with typical cohesive debris-flow deposits. 
Very large, outsize clasts occur locally at the weakly 
erosional bases of the beds, but no obvious reverse 
grading was found (Fig. 5C). The clasts in-between the 
beds are highly irregular in shape and are commonly 
ungraded. Well developed, horizontally stratified, sandy 
layers are found in the upper parts capping the ungraded 
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Parallel-bedded sandstones
The appearance of these sandstones clearly indicates 
a shift in depositional conditions from density flows 
to turbidity flows. Gani (2004) claimed that the main 
difference between turbidity currents and density flows is 
rheological, whereby a turbidity current is a completely 
Newtonian fluid and the dominant sediment-support 
mechanism is fluid turbulence. The turbidity-current 
deposits, i.e., ‘turbidites’, show fairly good grain sorting, 
with the upper part displaying normal grading without 
any floating clasts. Density flows are rheologically 
partly Newtonian fluids and partly non-Newtonian 
fluids, where dispersive grain pressure, fluid turbulence, 
escaping pore fluid and matrix strength are the dominant 
sediment support mechanisms (Gani, 2004). Density 
current deposits, i.e., ‘densites’, are ungraded, have 
floating clasts and are deposited through layer-by-layer 
accretion. The parallel-bedded sandstones of Ritland 
closely match the properties of turbidity deposits in 
terms of grain sorting, vertical bed stacking and absence 
of floating clasts. However, 1–3 mm-size mud clasts have 
been found in places. These low-density particles can 
be entrained by the upward component of turbulence, 
maintained in suspension and then settle gently (Mulder 
& Alexander, 2001). These sandstone beds are separated 
by thin, planar laminae (0.2–0.8 cm) consisting of 
fine-grained sand and silt that probably settled from 
suspension before another turbiditic event started to take 
place. Based on flow behaviour, Mulder & Alexander 
(2001) classified turbidity currents as surge, surge-like 
and quasi-steady turbidity currents. There is a continuum 
between the different types of turbidity current and 
one may transform into another as a result of sediment 
entrainment and dilution, producing changes in sediment 
concentration. Surge and surge-like turbidity flows 
are usually triggered by flow transformation through 
erosion and acceleration from flow types with a higher 
sediment concentration. These two turbidity-current 
classes generate sedimentary structures and bedforms 
comparable to those of the Bouma Tb–d (Bouma, 1962), 
but their duration is short and consequently related 
sedimentary structures are rare compared to the typical 
Bouma Tb–d (Mulder & Alexander, 2001). 
The parallel-bedded sandstones of the Ritland 
successions do not reveal any complete development of 
Bouma sequences. The fining-upward trend from slightly 
conglomeratic bases (Fig. 7A) could be comparable 
to Bouma Ta. Upwards, the succession develops into 
finer-grained deposits with faint ripple marks (Fig. 7B) 
comparable to the Bouma Tb–c. The upper intervals 
of the Bouma sequence (Td–e) are absent within these 
Ritland sediments. Consequently, these sediments 
were probably deposited from surge or surge-like flows 
which evolved from precursory high-concentration 
flows during downslope transport of the sediments, and 
diluted gradually by continual addition of water and were 
eventually deposited in relatively distal parts of the crater 
basin as a turbidity fan. 
a hyperconcentrated density flow or concentrated 
density flow, depending on the nature of the sediment 
concentration (Mulder & Alexander, 2001). A 
stratigraphical upward shift from a clast-supported 
to matrix-supported texture found within the LBU 
sediments at Svodene–Ritlandsfjellet and Stemhaugen 
(Figs. 5A and 11) may represent the flow transformation 
from a cohesive debris flow to a hyperconcentrated 
density flow/noncohesive debris flow (Mulder & 
Alexander, 2001; Gani, 2004). This flow transformation 
is probably due to the resurge of the seawater into 
the crater. The main mechanism for deposition from 
hyperconcentrated flows is frictional freezing that 
produces ungraded, or coarse-tail normally graded, 
gravel or gravelly sand and crudely or thickly stratified 
sand deposits. The matrix-supported beds of the LBU 
display a very crude normal grading (Figs. 5A and 11) 
with evidence of bottom traction carpets developing at 
the base of the beds (Fig. 5B). Abundant outsize and/or 
protruding clasts, in addition, suggest deposition from 
hyperconcentrated density flows transformed from the 
debris flows during downslope transport of coarse-
grained, impact-derived sediments. 
Sandstone Unit
The SU is well exposed in the Svodene–Ritlandsfjellet 
area in-between the LBU and the UBU, and displays 
some unique characteristics of density-controlled 
and turbiditic sedimentation, which are comparable 
to the sedimentation processes of a small, steep-
slope, restricted, deep-basin setting, e.g., Crater Lake, 
Oregon, USA (Nelson et al., 1986). Relatively well 
developed conglomeratic sandstone beds were found 
at the Stemhaugen section and can be stratigraphically 
correlated with the lower part of the SU of the Svodene–
Ritlandsfjellet area. The SU sediments probably resulted 
from gravity-controlled flow-transformation processes, 
i.e., from hyperconcentrated to concentrated and to 
turbidity currents (Mulder & Alexander, 2001). The 
different facies properties of the SU were compared 
to the typical characteristics of different density-/
turbidity-controlled deposits (Mulder & Alexander, 
2001; Haughton, et al., 2003; Gani, 2004) and possible 
depositional processes are discussed below.
Lower conglomeratic sandstone
This facies displays a gradational contact from the 
underlying matrix-supported conglomerate at both 
the Svodene–Ritlandsfjellet and the Stemhaugen 
sections. They are mostly homogeneous in nature and 
were probably deposited from either debris flows or 
hyperconcentrated density flows (Mulder & Alexander, 
2001). A decrease in clast size and angularity, and increase 
in the quartz/feldspar ratio and matrix content compared 
to the underlying facies, can be related to a continuous 
reworking of the sediments during downslope transport 
(Figs. 12 and 13). 
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Upper conglomeratic sandstone
The uppermost part of the sandstone unit represents 
a coexistence of the homogeneous and conglomeratic 
sandstone beds and can be compared to the ‘linked 
debrites’ described by Haughton et al. (2003) in a small, 
sand-rich fan system. The mechanism of deposition 
of these cogenetic beds (Haughton et al., 2003) in 
the Ritland succession can be the result of multiple 
breaching of the crater rim, where more water was added 
to the flow causing the flow to accelerate, resulting in 
increased slope erosion and reworking of the base-
slope sediments. This could explain further clastic input 
to the flow. The flow started out as a viscous flow and 
the clast-rich conglomeratic beds were deposited. The 
flow then partitioned from a precursor debris flow into 
concentrated density flows during downslope movement, 
resulting in deposition of homogenous sandstone beds 
(Fig. 8C). Since flow transformations can be in both 
directions (cohesive-density; density-cohesive), these 
two bed types can coexist within a single flow event.
Upper Breccia Unit
The UBU sediments are well exposed at Svodene–
Ritlandsfjellet and in the Bjødnabuhaugen area, 
representing a sedimentation pattern typical for marginal 
parts of a crater basin. They show well-developed wedge-
shaped units developing from the crater rim towards 
the crater centre in a fan-like distribution (Fig. 9A). 
Individual fan lobes that developed from the southern 
crater rim (Svodene–Ritlandsfjellet) do not suggest 
bed-to-bed correlations with lobes along the northern 
(Bjødnabuhaugen) crater rim. The UBU sediments 
are probably missing at the Stemhaugen section as the 
sedimentary successions in this area were found only at 
lower elevations (425–455 m). Depositional mechanisms 
of the different facies types of these two depositional 
areas (Svodene–Ritlandsfjellet and Bjødnabuhaugen) are 
discussed in the following paragraphs.
Clast-supported breccia
The clast-supported breccia beds from the Svodene–
Ritlandsfjellet and Stemhaugen sections could be 
interpreted as scree, rock-avalanche or debris-avalanche 
deposits. Bedforms produced by these three gravity-
controlled processes are more or less similar but probably 
differ in matrix content due to differences in the degree 
of shattering, disintegration and pulverisation during 
downslope transport. Hewitt (1999) defined a 5% matrix 
content as ‘matrix poor’ and 25% as ‘matrix rich’ for rock-
avalanche deposits from the Karakoram, Himalaya. The 
debris-avalanche deposits of the Milo Lahars sequence, 
studied by Calvari et al. (1998), revealed a 40% matrix 
content for the clast-supported beds. The matrix 
generated by these processes is compositionally identical 
to the clast composition in all these cases. 
The matrix content of the clast-supported breccia 
beds from Svodene–Ritlandsfjellet and the 
The upper parts of the parallel-bedded sandstones are 
characterised by coarsening-upward developments 
(both individual beds and bed stacking) displaying some 
erosional scours and very faint ripple marks. The shift 
from the fining-upward to coarsening-upward stacking 
may suggest an increase in clastic input and energy 
conditions. Coarsening-upward stacking can be related 
to the renewed base-slope erosion and further reworking 
of the proximal sediments, deposited during fan-lobe 
progradation at the waxing phase (Kneller, 1995). A 
downslope reworking of these sediments is further 
indicated by the differences in the quartz/feldspar ratio 
between the sandstone facies (Figs. 12 and 13).
Middle homogeneous sandstone
The sandstone unit in the middle part is rather 
homogeneous with the local presence of boulder-size 
clasts of granitic/gneissic composition. These sediments 
were probably also deposited by turbidity currents. 
Transport of ~50-cm clasts under such energy conditions 
is very unlikely, and a rockfall is thus the most likely 
explanation. Since the clasts are angular and have a 
similar composition to the local basement, they probably 
fell down from the unstable crater wall. Similar rockfall 
features were also noted in the Gardnos crater-filling 
successions (Kalleson et al., 2008). 
The cross-stratified, erosional-based sandstone beds were 
probably deposited by bypassing of the turbidity currents 
and represent a small-scale, channel mouth-bar deposit 
of a submarine-fan system. Mutti (1977) suggested 
that mouth bars are formed at the mouths of active 
channels through reworking of coarse-grained sediments 
deposited as excess load by bypassing of turbidity 
currents. The beds are characterised by large-scale cross 
laminae and consist of medium- to coarse-grained sands. 
Mutti (1977) interpreted these mouth-bar deposits as 
having formed in a regional-scale, deep-sea fan setting 
(Pyrenees basin); consequently, comparison with the 
small Ritland crater basin must take into account scale 
differences. Thus, the aerial extension of the sandstone 
unit in the Ritland impact structure was probably too 
modest to establish a channel-levee complex typical for a 
submarine fan setting. 
Mineralogically, the cross-stratified sandstone beds 
are enriched in a calcite cement (Tables 1 and 2). The 
calcite cement has a poikilotopic texture, non-ferroan 
composition and probably formed during the early stages 
of diagenesis. (Fig. 14D). The cement within these beds 
may be of either organic or inorganic origin. During Early 
Cambrian time, Earth life was limited (mainly algae), 
poorly preserved and transported (low-relief sea-floor, 
temperate climate) (Brasier et al., 1992), so direct biogenic 
sources for the carbonate in these sandstone beds are 
unlikely except via, e.g., hydrothermal percolation from 
adjacent calcite-rich beds. Recent studies (Setså, 2011) 
have confirmed the presence of calcite-cemented beds 
outside the crater, underlying the ejecta bed. 
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differences in the quartz/feldspar ratio and accessory 
minerals are probably related to compositional variations 
in the local basement rocks (Tables 1 and 2).
Parallel-bedded conglomeratic sandstone
The conglomeratic sandstones of the UBU from 
the Bjødnabuhaugen section can be interpreted as 
hyperconcentrated density-flow deposits (Mulder & 
Alexander, 2001), deposited during the retreating stage of 
an active fan setting. Development of hyperconcentrated 
flows during the retreating stage of small fans has been 
discussed by Mutti et al. (1996) and Falk & Dorsey 
(1998). Mulder & Alexander (2001) described similar 
identical characteristics in both the subaerial and 
the subaqueous settings. Sohn et al. (1999) discussed 
hyperconcentrated density-flow deposits in alluvial 
fan settings, showing thinly bedded (10–30 cm), well- 
to crudely-stratified sandstones sandwiched between 
‘debris-flow deposits’ and ‘stream-flow deposits’, and 
interpreted the mechanism as a ‘bipartite’ division of 
flow. 
The UBU sediments at the Bjødnabuhaugen section 
clearly indicate a well developed fan compared to the 
Svodene–Ritlandsfjellet fan. The MPS/BTH profile of 
the Bjødnabuhaugen section (Fig. 10) shows that the 
lower part of the profile consists of matrix-supported 
to conglomeratic sandstones, a middle part mostly 
consisting of clast-supported breccia/conglomerate 
and an upper part consisting of matrix-supported or 
conglomeratic sandstones showing an upward-fining 
trend. The bed thickness is also proportional to the clast-
size distribution where a maximum bed thickness has 
been found in the middle part, with the beds thinning 
significantly in the lower and upper parts. Outsize clasts 
are still found within these thin sandstone beds, either 
floating or protruding. The coarsening- and thickening-
upward trend from the lower to the middle part (Fig. 
10) can be interpreted to represent progradation of a 
proximal-fan segment over distal-fan deposits. The 
fining- and thinning-upward trend from the middle to 
the upper parts (Fig. 10) probably represents the retreat 
of an active fan segment.
Depositional model—synthesis
The mineralogical composition of both the clasts and the 
matrix (Tables 1 and 2) of the crater-filling sediments of 
the 2.7 km-diameter Ritland impact structure suggests 
that they were derived from the impact-generated 
debris during different stages of crater modification and 
deposited as individual fan lobes prograding towards the 
crater centre (Fig. 15). 
The palaeoenvironmental setting of the Ritland area is 
crucial for understanding the sedimentary processes 
that were active in and around the crater. According to 
Riis et al. (2011) the impact event took place after the 
Bjødnabu haugen area varies within the limits of 5% 
and 20%. Consequently, the matrix content of these 
clast-supported breccias is probably too low to reflect 
a debris-avalanche depositional mechanism according 
to Calvari et al. (1998). Interpretation of these beds 
based only on matrix content could be misleading as it 
relates to contributions from different sources. Rockfall, 
rockslide and rock avalanche represent a gradational 
spectrum of comparable gravity processes generated 
by failure of bedrock cliffs, and varying with respect 
to the size of the failed bedrock mass and the degree of 
shattering, disintegration and pulverisation (Blair & 
McPherson, 1994). These observations consequently 
suggest that the clast-supported breccia beds could have 
been deposited by any of the above-mentioned processes 
e.g., rockfall (scree), rock avalanche or debris avalanche, 
or a combination of all three, and deposited during 
the later stages of crater modification, probably post-
dating SU deposition. The quartz/feldspar ratio of the 
clast-supported breccia beds from both the Svodene–
Ritlandsfjellet and the Bjødnabuhaugen sections is 
significantly lower compared to other facies, suggesting 
a local source for these sediments. Minor differences in 
mineralogical composition, e.g., quartz/feldspar ratio, 
K-feldspar and mica content (Tables 1 and 2), of the 
clast-supported breccia beds between these sections are 
probably related to local compositional variations in the 
basement rocks. 
Matrix-supported breccia/conglomerates
The characteristics of the matrix-supported breccia/
conglomerate beds of the UBU match with those of 
typical debris-flow deposits which have probably been 
deposited in a subaqueous setting. Subaqueous debris-
flow deposits have been discussed by Hampton (1972), 
Embley (1976), Nemec & Steel (1984) and Aksu & 
Hiscott (1992). These various deposits were discussed in 
the context of much wider basinal settings, but there are 
several similarities with the matrix-supported breccia/
conglomerates of the Ritland crater. However, the clasts 
in the subaqueous debris-flow deposits commonly 
display better clast alignment and imbrications, poorly 
developed normal grading with the presence of wave-
generated structures in sandy layers, and mud/silt 
interbeds (Nemec & Steel, 1984). 
The matrix content in the matrix-supported breccia/
conglomerate beds lies in the range 60–90% with an 
upward increase both at Svodene–Ritlandsfjellet and 
in the Bjødnabuhaugen area. Matrix-supported beds in 
the Svodene–Ritlandsfjellet section show a very crude 
normal grading with a significant upward increase in 
the matrix content. Some fluid-flow features and faint 
laminations have been found in the coarse-grained matrix 
of the Svodene section. All these characteristics suggest 
a subaqueous origin for these debris-flow deposits. The 
mineralogical composition of the matrix-supported 
beds from Svodene–Ritlandsfjellet is comparable to 
that in similar beds in the Bjødnabuhaugen area. Minor 
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be distinguished from slump breccias by a marked fining-
upward sequence due to gravitational separation of the 
suspended sediments. In the Swedish Tvären crater, a 
fining-upward sequence (60 m) has been interpreted as 
‘graded resurge deposits’ with a sharp erosional contact 
to the underlying shock-metamorphosed breccia 
(Lindström et al., 1994; Ormö et al., 2007). The Lockne 
crater shows granulometric divisions in the resurge 
deposits related to differences in the flow dynamics of 
the resurge event, e.g., resurge proper, anti-resurge and 
oscillating resurge (Ormö et al., 2007). Sedimentary 
features, e.g., erosional scours, rip-up clasts, injection and 
deformation structures, are most likely to be encountered 
in the lower parts of the resurge deposits. However, in 
the case of coarse-grained sediments these features may 
not be present. Due to rapid settling of the suspended 
sediments, soft-sediment deformation and water-escape 
structures could also be found in the finer-grained 
sediments. The LBU sediments in the Ritland impact 
structure do not show any of these characteristics of 
‘resurge deposits’, indicating a typical gravity-controlled 
sedimentation comparable to that in a subaerial target 
crater. The sedimentation started by slumping of the 
steep transient cavity walls and rim, and the sediments 
eventually slid down towards the crater centre as rock 
avalanches. With a gradual and slow resurge of seawater, 
the flow transformed into a mass-flow process with 
debris flows becoming hyperconcentrated density flows. 
The upward transition from clast-supported breccia to 
clast-supported conglomerate, and matrix-supported 
conglomerate to conglomeratic sandstone, clearly 
suggests that these sediments have been deposited by 
gradual and confined flow-transformation processes.
Cambrian marine transgression, which suggests that 
an early epicontinental sea existed in the Ritland area. 
The Gardnos structure, which is assumed to have been 
roughly contemporaneous with the Ritland impact 
structure, was therefore probably formed in a similar 
geological setting of an epicontinental sea (Kalleson 
et al., 2008). The water depth during impact for other 
Fennoscandian impact craters in epicontinental sea 
settings are: Tvären (100–150 m; Ormö & Lindström, 
2000), Kärdla (~50 m; Suuroja et al., 2002), Lockne (500–
700 m; Ormö et al., 2007) and Granby (50–100 m; Brunn 
& Dahlman, 1982). The water depth of the contemporary 
epicontinental sea is one of the most important factors 
governing the sedimentation in the Ritland crater.
If the water depth during the impact event at the Ritland 
site was less than 100 m, the crater rim (110 m high) 
could have acted as a barrier preventing an instantaneous 
powerful resurge of the seawater into the crater, and 
the crater may thus have behaved initially as a subaerial 
target crater. The sedimentation pattern within the 
Ritland crater as presented here is fairly compatible with a 
subaerial target crater during the initial stages of impact, 
with a slow return of seawater afterwards. No specific 
evidence of powerful resurge processes have been found 
within the Ritland crater sediments. Generally, a resurge 
event within a crater would be represented by a sudden 
and enormous influx of seawater mixed with debris of 
varying grain size and shape washed out of the crater rim 
wall and mixed with ejecta and sediments from outside 
the impact area. The resurge will take place at the end 
of the crater modification stage, and ‘resurge deposits’ 
should be encountered with erosional bases towards the 
fall-back breccias (Sturkell, 1998). Resurge deposits can 
Figure 15. Simplified conceptual 
model of the sedimentation proces-
ses of different sedimentary units 
in the Ritland crater. The fan at the 
right-hand side represents the Svo-
dene–Ritlandsfjellet fan showing 
the possible field relationships bet-
ween the three different sedimen-
tary units. The Bjødnabuhaugen 
fan is to the left, especially showing 
the crater-filling sediments at hig-
her stratigraphical levels; sediments 
lower in the stratigraphical column 
are not well exposed, or concealed. 
The Stemhaugen fan to the west has 
not been shown in the model as the 
model represents just one-half of the 
crater. The field relationships suggest 
that the Stemhaugen fan is relatively 
less well developed and was probably 
subjected to major sliding during the 
late syn-impact stage. The light blue 
shade represents the water-filled situ-
ation of the crater.
LEGEND 
Upper Breccia Unit 
Sandstone Unit 
Lower Breccia Unit 
N 
Fig. 15 (Azad et al) 
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The depositional conditions of the SU remain uncertain 
due to the very local occurrence of this unit in the 
field. Deposition of the SU in the Svodene section 
could be related to a local breaching of the crater rim. 
In the Ritland crater, the first breaching of the crater 
rim probably took place at the southwestern margin 
(Svodene–Ritlandsfjellet area) through which the 
seawater slowly resurged into the crater. The Kärdla crater 
(4 km in diameter) could be a close analogue to Ritland, 
formed in crystalline basement that was covered by just 
a few tens of metres of water (Puura & Suuroja, 1992). 
The Kärdla crater has a well developed rim wall. To the 
north and south the rim breached due to modification 
collapse followed by a rather low-energy inflow of 
sediment-laden water. The post-impact stratigraphy is 
relatively more complete within these ‘resurge gullies’ 
(Puura & Suuroja, 1992). The formation of resurge 
gullies has been explained as a consequence of an oblique 
impact and structural irregularities in the crystalline rim 
(Suuroja et al., 2002). The crater-filling history of the 
Ritland crater may thus have close similarities with the 
Kärdla, and probably involved a structural irregularity 
of the rim. Evidence of such structural irregularity at the 
western crater rim (Stemhaugen area) has been found 
(Fig. 2A) where the stratigraphy of the crater-filling 
sediments is less complete compared to the stratigraphy 
of the southwestern part. This may also be linked 
with an oblique angle of impact. A closer study on the 
distribution of ejecta (Kalleson et al., 2012) at Ritland 
may help to confirm this statement. The basinward-
dipping beds of the SU with their fan-shaped geometry 
(Fig. 8) strongly suggest the establishment of some 
channel inlets or resurge gullies in the southwestern 
part of the crater through which the sediments were 
transported and eventually deposited in the distal part of 
the crater basin. 
Considerable differences in the quartz/feldspar ratios 
and textural properties of the SU (Figs. 12 and 13) 
compared with the pre-impact sediments (Setså, 2011) 
suggest that highly reworked impact-derived debris is 
the main source of these sandstones. The low-relief, Early 
Cambrian landscape and epicontinental sea, with low-
angle river-sea equilibrium, suggest a minimal clastic 
influx from outside the crater. In addition, the ground 
surge of the ejecta curtain during the cratering process 
may have swept out the thin, pre-impact, sedimentary 
cover almost entirely from the vicinity of the crater, as 
discussed in the case of Kärdla (Puura & Suuroja, 1992) 
and Gardnos (Kalleson et al., 2008). The major clastic 
influx in the SU was likely to have been derived from 
the impact-related debris which was intensely reworked 
during its downslope transport, and redeposited in 
the distal part of the basin as in Crater Lake, Oregon, 
USA, where fine-grained, well-sorted and graded sand 
layers were deposited in the distal part of the Crater 
Lake basin. These sediments were interpreted to have 
been transported by sheet-flow turbidity currents and 
deposited in a non-channellised submarine-fan system 
So far, differentiating the redeposited fall-back ejecta 
(French, 1998) from the slump-back breccias/slump 
debris within the crater has not been possible. In the case 
of a shallow water depth at the target site, most of the 
large ejecta blocks would have been thrown out into the 
sea, whereas very thin layers of fall-back ejecta materials 
consisting of smaller clasts and shocked particles would 
probably be encountered within the crater. In the 
lowermost part of the LBU, just above the strata of melt 
origin, there is a 20 cm-thick matrix-supported breccia 
bed (Figs. 3 and 4.). This unit may represent a possible 
ejecta layer mixed with slump-back materials.
The average quartz/feldspar ratio within the crater-filling 
sediments is significantly lower (0.20 XRD) than the 
quartz/feldspar ratios of the pre-impact sediments (0.93 
XRD) (Setså, 2011), suggesting that the resurge of the 
reworked pre-impact sediments was fairly insignificant 
within the crater. The matrix mineral composition of the 
crater-filling sediments is similar to that of the basement 
breccia (Table 2), suggesting that these sediments were 
mostly derived from the fresh, unweathered, impact-
related debris. Also, the mineralogical composition of 
the crater-filling sediments from the three different 
depositional areas does not vary much (Tables 1 and 
2). The average quartz/feldspar ratio (XRD) of the LBU 
sediments from the Svodene–Ritlandsfjellet area (0.15) 
is comparable to that of the LBU sediments from the 
Stemhaugen area (0.20) (Table 2). Similar results have 
also been found for conglomeratic sandstones from 
the Svodene–Ritlandsfjellet (0.13) and Stemhaugen 
areas (0.20) (Table 1). The average quartz/feldspar 
ratio of UBU sediments from the Bjødnabuhaugen 
area (0.31) is slightly higher compared to the Svodene–
Ritlandsfjellet area (0.16). K-feldspar dominates in the 
Svodene–Ritlandsfjellet sediments as compared to the 
sediments from other depositional areas. Among the 
other accessory minerals, sporadic enrichments of mica 
and amphibole are found in a few samples from all sites. 
These minor variations in mineral composition are 
probably related to compositional variations within the 
local basement rocks from where they have been derived. 
Minerals such as apatite, calcite, ankerite and mica have 
been found in a few samples, and are assumed to have 
been derived from the Cambrian sedimentary deposits 
(Bjørlykke & Englund, 1979), both from the pre-impact 
sediments outside the crater (Setså, 2011) and within the 
crater-filling sediments, suggesting that some inflow of 
extra-crater, pre-impact sediments occurred shortly after 
the impact event. Exceptionally rounded quartz grains 
probably represent the reworked pre-impact sediments 
that were transported within the crater-filling sediments. 
Enrichment of potassium (due to higher amounts of 
feldspar and mica) and titanium (due to the occurrence 
of diagenetically formed sphene and anatase) have been 
reported from the Neoproterozoic and Lower Cambrian 
sediments (Bjørlykke & Englund, 1979); these were also 
found within the LBU sediments from both the Svodene–
Ritlandsfjellet and Stemhaugen areas.
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from a mixing with water and dilution of the flow head. 
This was probably caused by a resurge of the seawater 
with reduced energy, breaching and seeping through 
the unstable and weaker part of the crater rim, minutes 
after the impact. The localised breaching resulted in 
crater filling probably within hours/days, until finally 
suspension deposition dominated. 
The SU probably represents the first suspension-
dominated sedimentation in the Ritland crater. 
The parallel-bedded sandstones indicate a shift in 
depositional conditions from mass flows to more fluidal 
flows. These sediments were deposited as surge or surge-
like turbidites. The coarsening-upward sandstones 
suggest an increase in clastic input possibly related to 
further slope erosion and reworking of the sediments 
deposited during the fan-lobe progradation (Fig. 15). 
Conglomeratic or breccia beds coexisting with the 
homogeneous sandstones can be related to the multiple 
breaching flows leading to increased slope erosion and 
further clastic input. 
The UBU represents sedimentation in the marginal part 
of the crater basin. These sediments show well-developed 
wedges from the rim to the crater centre with a fan-like 
distribution. The clast-supported breccia beds appearing 
within this sedimentary unit probably accumulated 
as scree, rock-avalanche or debris-avalanche deposits 
(Fig. 15). The matrix-supported breccia/conglomerates 
were probably deposited as debris-flow deposits and 
were derived from the further reworking of the clast-
supported sediments during downslope transport. The 
conglomeratic sandstone beds at the Bjødnabuhaugen 
section were probably deposited from hyperconcentrated 
density flows during the retreating stage of the fan setting. 
The crater was probably completely drowned soon after 
the resurge and remained as a depression beneath the 
Cambrian sea for a long time, eventually being filled with 
marine clays. 
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Introduction
Crater-infilling sediments of the Cambrian Ritland 
impact structure of southwestern Norway have been 
grouped into three broad units: (A) late syn-impact, (B) 
early post-impact and (C) late post-impact (Azad et al., 
2012). The late syn-impact and early post-impact sedi-
ments were discussed in Azad et al. (2012). The present 
paper deals with the later stages of crater sedimentation, 
representing a shift from the initial dramatic episodes of 
crater sedimentation (during the late syn- to early post-
impact stages) to relatively stable sedimentation during 
the late post-impact stage. ‘Late syn-impact’ sedimen-
tation (Dypvik & Kalleson, 2010) within impact cra-
ters starts by collapse of the transient cavity and slump-
ing back into the crater by different gravity and mass-
flow processes. In an idealised simple crater model, 
these could include rock avalanches, debris avalanches 
or debris flows, depending on the physical properties 
of the target rock, dry or wet target surface (e.g., sub-
aerial, subaqueous/shallow marine, deep marine), cra-
ter size, degree of slope failure, and temporal fluidisation 
of the sediments (Melosh, 1989). The ‘early post-impact’ 
crater sedimentation is more erosion dominated and 
occurred under water-saturated conditions in the case of 
marine craters (Dypvik & Kalleson, 2010). Sediments are 
derived from the crater walls and rim and deposited by 
gravity-controlled processes, e.g., debris flows, turbidity 
flows (for more details see Dypvik & Kalleson, 2010 and 
Azad et al., 2012). The late post-impact sedimentation is 
suspension dominated, consists mostly of fine-grained 
sediments and commonly represents part of a wide-
spread regional succession. The sedimentation of the 
late post-impact crater-filling deposits has major impor-
tance as it preserves the record of the transition between 
impact-related (late syn-impact and early post-impact) 
crater sedimentation and late post-impact geological his-
tory.
The Cambro–Ordovician successions in the Norwe-
gian Caledonides were largely affected by thrust nappes 
directed to the southeast and east (Rey et al., 1997). 
Within the Caledonian Orogen, only a few thin suc-
cessions are preserved autochthonously between the 
Precambrian peneplain and the Caledonian nappes 
(Bergström & Gee, 1985). The crater-filling sediments of 
the Ritland impact structure were deeply buried below 
the lowermost Caledonian nappe, and were scarcely 
affected by later thrusting. These well-preserved sed-
imentary successions were later exposed by tectonic 
activity and glacial erosion, providing opportunities to 
study the autochthonous Cambrian successions. The 
main object ive of this study is to interpret the deposi-
tional mechanisms, sedimentary environments and pos-
sible sources of the late post-impact crater infills of the 
NORWEGIAN JOURNAL OF GEOLOGY  Late post-impact sedimentation in the Ritland impact structure, western Norway
Late post-impact sedimentation in the Ritland impact 
structure, western Norway
Abdus Samad Azad, Henning Dypvik, Fridtjof Riis & Elin Kalleson
Azad, A.S., Dypvik, H., Riis, F. & Kalleson, E.: Late post-impact sedimentation in the Ritland impact structure, western Norway.  Norwegian Journal 
of Geology, Vol 93, pp. 37–59. Trondheim 2013, ISSN 029-196X.
The crater-infilling successions of the 2.7 km-diameter, Ritland impact structure are classified as: (A) late syn-impact, (B) early post-impact and 
(C) late post-impact sediments. The late post-impact sediments represent later stages of crater sedimentation during stable crater conditions. The 
transition between the early post-impact and late post-impact crater sedimentation is marked by a ~6 m-thick succession exposed in the south-
central part of the crater. The lowermost part of this succession consists of fine- to medium-grained sandstone, deposited from turbidity flows 
during the retreating or abandonment stage of earlier prograding submarine fans. Fine sandstones intercalated with silty shales in the middle part 
represent alternating episodes of turbiditic and suspension deposition. Upward transition of this facies into thick, dark-grey to black shales suggests 
establishment of anoxic to hypoxic bottom-water conditions where sediments were deposited during an extensive period of suspension deposition. 
Local coarse clastics exposed in the easternmost crater wall represent small-scale scree deposits, suggesting that submarine slides and reworking of 
the sediments were active processes for a long time after the impact.
Abdus Samad Azad, Henning Dypvik, Department of Geosciences, University of Oslo, PO Box 1047 Blindern, 0316 Oslo, Norway. Fridtjof Riis, 
Norwegian Petroleum Directorate, PO BOX 600, 4003 Stavanger, Norway. Elin Kalleson, Fyrstikkalleen skole, PO BOX 6660 Etterstad, 0609, Oslo, 
Norway.
E-mail corresponding author (Abdus Samad Azad): m.a.s.azad@geo.uio.no
38 A.S. Azad et al NORWEGIAN JOURNAL OF GEOLOGY 
were prepared to gain a better understanding of the 
lithofacies distribution. The lithofacies distribution 
map (Fig. 2) is based on a high-resolution, aerial-photo 
map with a contour interval of 5 m. Two geological 
profiles, from the crater centre to Svodene–Ritlandsfjellet 
(southwestern crater wall) (Fig. 3) and Dormålsknuten 
(northeastern crater wall) (Fig. 4), have been constructed 
to define the stratigraphical relationships of the late 
post-impact sediments to the late syn-impact and early 
post-impact sediments. Stratigraphical correlation has 
been made based on three logged sections to clarify 
our understanding of the Sandstone Unit–2 (Figs. 5, 6), 
which represents a transition in crater sedimentation 
(discussed in this paper) from early post-impact to the 
late post-impact stage. Another log has been prepared 
to plot the late post-impact clastics exposed in the 
Dormålsknuten area (Figs. 7, 8). Gamma measurements 
were made in the field using the portable RadiogramTM 
4000 device. Natural gamma-ray activity was measured 
in counts per second (cps) for almost every individual 
bed within the succession to record significant variations 
in the radioactivity that would indicate any changes in 
the lithological continuity especially for the shale beds. 
The counter was placed in direct contact with the fresh 
bedding surfaces and kept there for at least 10 seconds 
to obtain optimal values for the natural gamma activity. 
Comparisons of the detailed sedimentological (Fig. 9) 
and mineralogical characteristics (Figs. 10, 11) between 
Sandstone Unit–1 (early post-impact) and Sandstone 
Unit–2 were made in order to establish the transition in 
depositional processes and sedimentary environment 
from the early post-impact to the late post-impact stage. 
The observations are presented in Table 1. A total of 37 
thin sections have been examined under optical and 
scanning-electron microscopes. Modal compositions 
(400 grain counts) were determined for 29 of these (Table 
2). Semiquantitative determination of mineralogical 
composition for 17 bulk samples is based on peak height 
(Morris et al., 2008) of data from XRD (X-ray diffraction) 
analysis, using a Philips X’Pert MPD, at the University 
of Oslo. The results are presented in Table 3. Quartz, 
K-feldspar, plagioclase, calcite, dolomite, mica, chlorite 
and pyrite were quantified with respective peak values of 
(d = 4.26 Å), (d = 3.24 Å, 3.25 Å), (d = 3.18 Å, 3.19 Å), (d 
= 3.03 Å), (d = 2.89 Å), (d = 10 Å), (d = 7 Å), (d = 2.71 
Å). The Wentworth (1922) grain-size scale was used for 
grain-size classification. Folk’s (1974) triangular diagram 
has been used for the classification of sedimentary rocks, 
e.g., conglomerate, conglomeratic sandstone, sandstone, 
etc. Based on field observations and mineralogical 
analyses, depositional models for the late-impact crater 
sedimentation are presented in Figs. 12 and 13.
Field observations
The late post-impact sediments of the Ritland 
impact structure have primarily been studied in two 
different depositional areas representing two different 
Ritland impact structure. The study focuses in particular 
on the distribution, texture, mineralogical compo sition, 
structure and geometry of the late post-impact crater-
filling sediments. 
Geological setting
The Ritland structure is a 2.7 km diameter and 350 m deep, 
recently confirmed, simple impact structure, probably 
formed during the Early to Middle Cambrian period 
(Riis et al., 2011). At the present day, the structure shows 
remnants of an originally circular depression located in 
the mountainous terrain of Hjelmeland municipality, 
Rogaland, southwestern Norway (Fig. 1A). During the 
Cambrian, the granitic/gneissic sub-Cambrian peneplain 
was covered by a shallow but extensive epicontinental sea 
in which a thin unit of unconsolidated marine clays (10–
20 m thick) accumulated, forming the target surface of 
the Ritland bolide impact. The water depth of the existing 
epicontinental sea was probably ≤100 m, assumed to 
be close to the size of the bolide (~115 m) (Azad et al., 
2012; Shuvalov et al., 2012). Today, the sub-Cambrian 
peneplain is well exposed in the southeastern part of the 
crater, representing the remnants of a wide, flat, slightly 
undulating surface where the crater forms a topographic 
depression (Riis et al., 2011). The crater depression was 
initially filled by impact-derived coarser clastic material, 
e.g., breccias, conglomerates (Fig. 1B), mainly related 
to rock avalanches, while debris-flow and concentrated 
density-flow deposits dominated over rock avalanches 
during the early post-impact stage (Azad et al., 2012). 
Turbidity-current deposition dominated afterwards, 
when the crater was completely submerged by seawater. 
Different gravity-controlled sedimentary processes 
were also active, especially along the crater margins in 
the early post-impact stage (Azad et al., 2012). During 
the late post-impact stage, dark-grey to black marine 
clays were deposited (Fig. 1B). The Cambro–Ordovician 
sandstone covering the marine shales (Fig. 1B) represents 
a shallowing of the existing epicontinental sea (Knaust, 
2004). At that time, the stable crater depression was 
apparently completely filled with sediments (Riis et al, 
2011). The crater infills were subsequently deeply buried 
by the Caledonian thrust nappes (Fig. 1B) during the 
development of the Caledonian Orogen in Mid Silurian 
to Early Devonian time (Gee et al., 2008). Succeeding 
tectonic episodes during Late Palaeozoic to Cenozoic 
time, and finally several glacial episodes in the Quaternary 
period, helped to erode and expose the present-day impact 
structure. 
Materials and methods
Detailed field investigations were carried out to 
map the late post-impact sediments exposed in the 
Svodene–Ritlandsfjellet and Dormålsknuten areas 
(Fig. 2). Sedimentary logs from both these sections 
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Dormålsknuten section is located at higher elevations 
and stratigraphically younger compared to the Svodene–
Ritlandsfjellet section, consisting of coarse clastics 
intercalated with dark-grey to black shales.
Svodene–Ritlandsfjellet area
The late syn-impact and early post-impact sedimentary 
succession in the Svodene–Ritlandsfjellet area was grouped 
stratigraphical levels. The sediments exposed in the 
south-central part (Svodene–Ritlandsfjellet area) (Fig. 
2) represent the transition in crater sedimentation from 
the early post-impact to the late post-impact stage, 
showing an overall fining-upward relation and indicating 
a gradual change from high-energy to low-energy 
sedimentation. The sediments exposed higher up along 
the northeastern crater wall (Dormålsknuten area) (Fig. 
2) are interbedded with dark-grey to black shales. The 
Figure 1. (A) Location 
map of the Ritland impact 
structure. (B) Geological 
map of the Ritland impact 
structure based on topo-
graphic maps with rivers, 
lakes (blue), roads (black) 
and 20 m-interval contour 
lines (brown), showing 
the general outline of the 
crater-filling sedimentary 
succession and major lit-
hological units inside and 
outside the crater (slightly 
modified from Riis et al., 
2011); the bold red line 
indicates the area shown in 
Fig. 2.
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deformation of both overlying and underlying strata 
(Fig. 6C). Small-scale convolute laminations are seen in 
places within these sandstones. An increase in clay con-
tent in the sandstones has been recorded in the more dis-
tal part (northern part) of the succession. Sedimentary 
pyrites (dia genetic, 0.5 cm) and mud clasts (subrounded, 
2 mm) have also been found. Cruziana ichnofacies, pos-
sibly planolites or thalassinoides (N.M. Hanken, pers. 
comm., 2012), have been observed within a few sand-
stone beds (Fig. 6D). A similar ichnofacies within these 
sediments has also been reported by Bruton et al. (1989). 
The traces are mostly horizontal, undulating, unbranched 
and convex in nature. Commonly, the length of the trace 
fossil varies from 10 to 25 cm and the width is 5–10 mm, 
and the track filled with material similar to that of the 
host rock. The trace fossils are found in silty sandstone, 
mostly on the bedding-plane surfaces (Fig. 6D). 
Fine sandstone
The middle part of Sandstone Unit–2 is ~1.5 m thick 
and consists of alternating layers of dark-grey, parallel-
bedded, fine sandstones and thinly laminated silty shales 
(Fig. 5). The thickness of individual fine-grained sand-
stone beds varies from 2 to 4 cm (Fig. 5). Some medium- 
to coarse-grained sandstone beds were also found, espe-
cially in the upper part of the succession (Fig. 5). The silty 
shale beds vary in thickness from 0.5 to 2 cm and show 
an upward increase in thickness (Fig. 5). The boundar-
ies between individual beds are irregular, undulating and 
locally rippled. Individual beds show a fining upwards 
and the overall development is irregular/alternating (Fig. 
5). Traces of Cruziana ichnofacies have also been found 
within the silty shale layers.
Dark-grey to black shale
The dark-grey to black shales overlie the fine-grained 
sandstone facies (Fig. 5). In the south-central part of 
the crater, the exposed thickness of this unit within the 
logged profile is only a metre (Fig. 5). In the central part 
of the crater, the dark-grey to black shale attains a maxi-
mum thickness of about 180 m (Riis et al., 2011) (Figs. 
2, 3, 4). This shale has been referred to as bituminous 
shale by Knaust (2004) and contains early Middle Cam-
brian faunas of trilobites, brachiopods, hyoliths, sponge 
spicules and various problematica (Henningsmoen, 1952; 
Bruton et al., 1989). In the upper part of this shale unit, 
a bed of limestone concretions has been found contain-
ing an abundant inarticulate brachiopod fauna (Bruton 
& Harper, 2000). Based on the fossil content, Bruton & 
Harper (2000) suggested a correlation of this shale unit 
with the upper Middle Cambrian Limestone of south-
ern Sweden. These shales are rich in organic matter, flaky, 
thinly laminated and commonly found with silty part-
ings towards the overlying beds. They display a grada-
tional transition from the silty shale at the base to dark-
grey to black shale towards the top. The gamma readings 
in the lower part of the shale unit in the logged profile 
are low (215–270 cps) (Fig. 5). 
into three general stratigraphical units: (i) Lower Brec-
cia Unit, (ii) Sandstone Unit and (iii) Upper Breccia Unit, 
described in detail by Azad et al. (2012). The sedimentary 
succession described in the present paper lies stratigraphi-
cally above the early post-impact Sandstone Unit, displaying 
a gradual upward transition into dark-grey to black shales 
in the central part of the crater (Figs. 2, 3). In this study, the 
early post-impact Sandstone Unit is renamed Sandstone 
Unit–1 and the overlying transitional sandstone succession 
is named Sandstone Unit–2 for clarity (Figs. 2, 3). 
Sandstone Unit–2 has been logged at three different loca-
tions extending from south to north over a distance of 
about 100 m (Fig. 2). The beds dip with an angle of 4–7° 
towards the crater centre and represent a more basin-
central location compared to Sandstone Unit–1 (Figs. 
2, 3). Presently, the uppermost part of this succession 
is exposed 450 m above sea level, approximately 270 m 
below the reference level of the peneplain and strati-
graphically located in the field on top of Sandstone 
Unit–1 and the Upper Breccia Unit (Fig. 3). However, 
the direct contact between Sandstone Unit–1 and Sand-
stone Unit–2 has not been found exposed in the field. 
The thickness of Sandstone Unit–2 is ~6 m, consisting 
dominantly of sandstones, silty shales and shales. The 
succession shows a gradational transition from fine- to 
medium-grained sandstone at the base to alternating lay-
ers of fine sand and silty shale in the middle, and dark-
grey to black shales towards the top (Fig. 5). Within the 
succession it was possible to make just a few (four) pal-
aeocurrent-direction measurements from the faint ripple 
marks. The ripple marks strike within the range 55–100°, 
indicating a northeastward flow direction (Fig. 2). Sand-
stone Unit–2 can be further subdivided into three facies 
types: (i) fine to medium sandstone, (ii) fine sandstone 
and iii) dark-grey to black shale (Fig. 5).
Fine to medium sandstone
These sandstones are light grey in colour, ~3 m thick, 
moderately sorted and planar bedded (Figs. 5, 6A). The 
thickness of the individual beds varies from 10 to 30 
cm. The beds are commonly capped by thin silt lami-
nae (10–20 mm thick) and show irregular or undulat-
ing erosive boundaries to the underlying beds (Fig. 6A). 
In a few places, ripple marks have been observed on the 
bedding- plane surfaces. The rippled beds are a few centi-
metres in thickness, consisting of silty sands with a typi-
cal  ripple wavelength of 4 cm and height of 1 cm (Fig. 
6B). In the lower part of the succession, a few beds dis-
play a  concave- up relationship to the underlying beds, 
probably representing small scale (0.5 m) channels. The 
individual beds show internal fining-upward features 
and the overall development of this succession is homo-
geneous (Fig. 5). Gamma activity measurements in this 
succession show higher values (350–415 cps) compared 
to the overlying fine-sandstone and silty-shale facies 
(255–310 cps) (Fig. 5). A subrounded granitic clast, 40 
cm dia meter, has been observed embedded within the 
parallel- bedded sandstones, with associated conformable 
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Figure 2. Lithofacies distribution map of the Ritland impact structure (modified from Azad et al., 2012). The Sandstone Unit–2 exposed in the 
RITF (Ritlandsfjellet) and SVD (Svodene) areas and the conglomerate beds in the DOR (Dormålsknuten) area are shown in two index figures. 
Other locations on the map are STH (Stemhaugen), BBH (Bjødnabuhaugen) and BDB (Bjødnabu). Rose diagram showing the palaeocurrent flow 
directions measured in Sandstone Unit–2. Two cross sections along X–Y and X–Z are shown in Figs. 3 and 4, respectively. A stratigraphical correla-
tion (red dotted line, in index photo) of Sandstone Unit–2 is shown in Fig. 5. 
Dormålsknuten conglomerate beds
interfingering in Cambrian Shale
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(Figs. 4, 7). This Cambro–Ordovician sandstone has been 
interpreted as a ‘shoreface deposit’ by Knaust (2004), 
probably deposited when the crater was totally filled with 
sediments. The autochthonous/parautochthonous unit 
of Cambrian sedimentary rocks is covered by a number 
of thrust sheets that involved the uppermost part of the 
crater-infill succession (Figs. 4, 7).
The contact of the Upper Breccia Unit (early post-
impact) towards the brecciated basement is exposed 
extensively at higher elevations along the northeastern 
crater wall (Fig. 7). Deeper down, adjacent to this crater 
wall, the basement contact with the sedimentary breccias 
has not been found. The field observations and the 
modelled crater margin (Shuvalov et al., 2012) suggest 
that a thin veneer of early post-impact breccia (Upper 
Breccia Unit) stuck to the crater wall (Figs. 4, 7). The 
sedimentary succession in the Dormålsknuten area is 
characterised by clast-supported conglomerate beds 
interbedded with dark-grey to black shales (Figs. 7, 8A). 
The thickness of the lowermost clast-supported 
conglomerate bed (bed–1) is about 1 m (Figs. 7, 8B). 
Dormålsknuten area
The Cambrian marine shales in the Dormålsknuten 
area show onlapping relations to the early post-impact 
breccias (Upper Breccia Unit) (Azad et al., 2012) in 
the northeastern crater wall (Fig. 7). The estimated 
thickness of this marine shale is ~180 m in the crater 
centre, thinning to almost zero along the crater margin 
(Fig. 4). At the present day, the top of the marine shale 
is located at higher elevations (720–760 m) in the 
northeastern crater wall compared to the crater centre 
(580 m), showing a concave-up geometric profile (Figs. 
4, 7). The thickness of comparable marine shales found 
outside the crater (southeastern part) is about 35 m (Fig. 
1B) (Kalleson et al., 2012). Knaust (2004) reported a 
thickness of this marine-shale unit outside the crater of 
about 20 m, possibly omitting the measurement of the 
10–20 m-thick, pre-impact shales below the ejecta layer 
(Kalleson et al., 2012). Inside the crater, towards the top, 
this shale unit grades into silty shale and siltstone with 
numerous thin sandstone beds, containing abundant 
trace fossils (Knaust, 2004). This heterolithic rock grades 
further into a massive sandstone unit which can be 
mapped to a thickness of about 10 m inside the crater 
Figure 3. Geological cross section (X–Y in Fig. 2) illustrating the stratigraphical relationship of Sandstone Unit–2 to other sedimentary units of 
the late syn-impact, early post-impact  and late post-impact stages (Modified from Azad et al., 2012). The profile is drawn from the crater centre 
towards the Svodene–Ritlandsfjellet area. The base of the crater and the subsurface distribution of the different sedimentary units are drawn based 
on field observations and the numerical crater model of Shuvalov et al. (2012). The red arrow indicates the locations of the exposed sections of 
Sandstone Unit–2 within the profile.
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Figure 4. Geological cross section (X–Z in Fig. 2) illustrating the strati graphical relationship of the Dormålsknuten clast-supported 
conglomerate beds (drawn in orange, the thickness and extent of the beds are not to scale) to other sedimentary units of the late syn-impact, 
early post-impact and late post-impact stages. The profile is drawn from the crater centre towards the Dormålsknuten area. The base of the 
crater and the subsurface distribution of the different sedimentary units are drawn based on field observations and the numerical crater model 
of Shuvalov et al. (2012).
It appears as a lens within black shale with a lateral 
extension of about 10 m (Fig. 8A). The bed thins towards 
the crater centre and dips at an angle of about 20°. The 
bed is poorly developed and shows an overall increase 
in the size of the clasts towards the top (Fig. 8B). The 
clasts are subangular to subrounded and similar in 
composition to the granitic/gneissic basement (Azad et 
al., 2012) (Fig. 8B), and range in size mostly from 5 to 
15 cm; some larger clasts of 25–30 cm have also been 
found (Fig. 8B). The matrix content in the bed is fairly 
high (40–50%), consisting of a mixture of black clay and 
medium- to coarse-grained sand. The matrix is light grey 
to dark grey in colour, poorly sorted and has a similar 
composition to that of the clasts. In a few places, the 
matrix occurs as centimetre-thick irregular bands within 
this conglomerate bed (Fig. 8B). The overlying shale 
beds are deformed around the clasts of the conglomerate 
bed (Fig. 8B). Towards the top of the bed the larger 
clasts show possible imbrication or a tendency towards 
bedding-parallel alignments (Fig. 8B). The maximum 
clast size vs. bed thickness ratio for this bed is 0.2. 
The clast-supported conglomerate bed in the middle 
(bed–2) is about 1.5 m thick, with a lateral extent of 15 
m (Figs. 7, 8A), and also occurs as a lens in the dark-
grey shale (Fig. 8A). The bed is poorly developed and 
the clasts display a slight increase in size in the upper 
part of the bed. Clast size typically ranges from 15 to 20 
cm, with a few clasts up to 50 cm. The clasts and matrix 
have similar compositions to those in the underlying 
conglomerate bed (bed–1). This conglomerate bed (bed–
2) also thickens towards the crater wall and thins to the 
crater centre. The maximum clast size vs. bed thickness 
ratio for this bed shows a higher value (0.4) than in the 
underlying bed (bed–1). 
The uppermost, clast-supported, conglomerate bed 
(bed–3) is approximately 1 m thick and consists of 
clasts and matrix of a similar composition to those in 
bed–1 and bed–2, and occurs as a convex-up lens within 
shales. Detailed clast-size measurements of this bed were 
not made due to poor accessibility. Observation from a 
distance indicates that the average clast size is 15–20 cm; 
a few outsize clasts exceed 70 cm. The overall clast size 
increases upwards through the bed. Matrix content is 
fairly high (30–40%). The matrix shows centimetre-thick 
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and contains a black clayey matrix, and has a slightly ero-
sional base to the underlying shale beds (Fig. 8D).  
Comparison between Sandstone Unit–1 
and Sandstone Unit–2
The sedimentological and mineralogical characteristics 
of Sandstone Unit–1 have been compared with those 
of Sandstone Unit–2 (Table 1) to decipher whether 
these sediments represent any clear transition in 
crater sedimentation. Sediments of Sandstone Unit–2 
are texturally more mature compared to Sandstone 
Unit–1 (Table 1). The beds in Sandstone Unit–2 are 
parallel, well developed and commonly separated by 
faint bands in a few places within the conglomerate. No 
obvious alignment or imbrication of the clasts was found.
Two outsize clasts up to ~1.8 m in diameter have also 
been observed embedded within the dark-grey shale 
beds (at 5.5–6 m in the log) (Figs. 7, 8C). The clasts are 
granitic in composition, heavily fractured and sub-
rounded to rounded in shape (Fig. 8C). The overly-
ing shale layers show brittle deformation and a lamina-
tion bending around the clasts (Fig. 8C). Thin veneers of 
shale surrounding the clasts, marked in Fig. 8C, proba-
bly relate to the compaction of the unconsolidated clays 
during burial. A bed (2–4 cm thick) consisting of pebble-
size granitic/gneissic clasts and very coarse-grained sand 
has been found within the thinly laminated, dark-grey 
to black shale beds (at 10.6 m in the log) (Figs. 7, 8D). 
The sandstone is light grey in colour, very poorly sorted 
Figure 5. Stratigraphical correlation of Sandstone Unit–2 exposed in the Svodene–Ritlandsfjellet area (see Fig. 2 for geographical locations of 
the logged sections). The gamma-activity measurements (counts per second, cps) for individual beds are plotted next to the lithofacies column. 
The rock sample numbers are indicated to the left. 
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upper part of the unit (Azad et al., 2012). Sedimentary 
structures, especi ally ripple marks, are better developed 
in Sandstone Unit–2 (Fig. 6B). The ripple marks are 
mostly symmetrical and found in the finer-grained, silty 
sediments. Sandstone Unit–1 contains several 10–20 
cm-thick (c. 2 m total thickness), calcite-cemented, 
low-angle cross-stratified beds (Fig. 9A) displaying 
erosional relationships to the underlying beds (Azad 
et al., 2012). The Sandstone Unit–2 beds are parallel 
and do not contain any calcite cement. Small-scale 
convolute laminations have been found within the silty 
shale layers of Sandstone Unit–2. Crenulated mud clasts 
(1–3 mm) occur in places within Sandstone Unit–1, and 
subrounded mud clasts (2 mm) are found in Sandstone 
Unit–2. Diagenetic pyrite has been found locally in 
Sandstone Unit–2, but only as an accessory phase in 
Sandstone Unit–1. Evidence of pressure solution has 
been found in Sandstone Unit–2, whereas no such 
compactional features have been observed in Sandstone 
Unit–1. Palaeocurrent flow measurements noted from, 
e.g., cross beds and ripple marks in both units show 
similar northeastward transport directions (Table 1). 
Trace fossils have not been observed in Sandstone 
10–20 mm silt partings (Figs. 6A, 9B), in contrast to 
the more massive and relatively poorly developed beds 
in Sandstone Unit–1 (Fig. 9A). The contacts between 
the beds in Sandstone Unit–2 are mostly erosional and 
undulating (Fig. 6A), whereas gradational contacts are 
commonly found between the beds in Sandstone Unit–
1. Both the individual beds and the overall succession of 
Sandstone Unit–2 show a gradual fining-upward trend 
accompanied by an upward decrease in bed thickness 
(Figs. 5, 9B). Sandstone Unit–1 is conglomeratic in its 
lower and upper parts and mostly homogeneous in 
the middle (Fig. 9A). Clasts in the conglomeratic beds 
in Sandstone Unit–1 are subangular to subrounded, 
granitic/gneissic in composition and vary in size from a 
centimetre up to a metre (Azad et al., 2012). Sandstone 
Unit–2 is mostly free of clasts, although one subrounded 
granitic clast (40 cm) has been recorded (Fig. 6C). 
Sedimentary structures are comparatively poorly 
developed in both units. Very faint ripple marks occur 
in the parallel-bedded sandstones of Sandstone Unit–1 
(see log, Fig. 9A), and some deformational structures 
are found in the homogeneous sandstone beds in the 
Figure 6. Sedimentary features of the fine- to medium-grained sandstone facies of Sandstone Unit–2. (A) Parallel beds, commonly capped by 
thin silt laminae, showing irregular or undulating erosional boundaries to the underlying beds. (B) Faint ripple marks on the bedding planes 
are locally found (this piece was removed and placed vertically for better visualisation). (C) Granitic clast (40 cm in diameter) found embed-
ded in the parallel-bedded sandstones; note the conformable deformation of the underlying and overlying beds. (D) Horizontal, undulating, 
unbranched and convex trace fossils (planolites) found within the lower sandstone beds. 
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The average quartz content of the fine- to medium-
grained sandstone facies is 42% (Table 2). Feldspar is the 
second most dominant mineral (28%) while mica (mostly 
biotite) and rock fragments (granitic and gneissic) make 
up the other primary constituents (Table 2). The XRD 
analyses show a higher content of plagioclase compared to 
K- feldspar (Table 3). Sericite forms the major authigenic 
phases (Table 2). Authigenic pyrite is common ly found, 
both as a grain-replacing (Fig. 10A) and a pore-filling 
phase. Titanite, phosphate (e.g., apatite, jarosite) and iron 
oxides (e.g., hematite) are other minor authigenic phases 
present as pore fillings and locally filling microfractures in 
grains. Discrete particles of apatite and titanite have also 
been found (Fig. 10B). Illite is another important authi-
genic mineral, forming thin coatings around quartz and 
feldspar grains (Fig. 10C). Organic matter (rounded, gran-
ular masses) and detrital heavy minerals, e.g., zircon, gar-
net, epidote and rutile, are other accessory phases.
The fine-sandstone facies has a slightly higher quartz 
content (44%) compared to the underlying facies (Table 
2). However, the feldspar content of this facies is surpris-
ingly low (3%) (Table 2). This low feldspar content reflects 
Unit–1, whereas Sandstone Unit–2 contains a few 
such tracks, especially on the bedding-plane surfaces. 
Sandstone Unit -2 sediments are generally quartz rich 
and feldspar poor, contrasting with the feldspar-rich and 
quartz-poor Sandstone Unit–1 (Table 1). Both the clast 
content (millimetre-sized clasts) and amount of matrix 
in Sandstone Unit–2 are lower as compared with the 
Sandstone Unit–1 (Table 1).
Mineralogical study
Sandstone Unit–2
The Sandstone Unit–2 sediments are mostly fine- to 
medium-grained, locally with coarse-grained sand 
and granitic/gneissic clasts (up to 4 mm). The grains 
are mostly subangular to subrounded (a few rounded), 
mode rately to well sorted, tightly packed and show 
evidence of pressure solution. The grains display an 
upward- fining trend in a few thin sections. Mineralogical 
compositions of three different facies types of Sandstone 
Unit–2 are described below.
Figure 7. The late post-impact Cambrian marine shale (green) showing an onlap relationship (indicated by yellow arrows) to the early post-impact 
breccias (Upper Breccia Unit) (shown in light brick red) in the Dormålsknuten area. The lower contact of the Upper Breccia Unit to the brecciated 
basement (light grey) has been found in the upper part of the crater wall. The Cambro–Ordovician sandstones overlying the Cambrian shale are 
shown in light green and the thrust sheets are in pink. The Dormålsknuten conglomerate beds (orange) interfinger with the Cambrian marine 
shale. To the right, a log profile of the Dormålsknuten conglomerate beds shows the intercalating conglomerate and marine shale. Rock sample 
numbers are shown next to the lithological column. The photo in the inset represents an uninterpreted section. 
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The quartz/feldspar ratio (Fig. 11A) in Sandstone Unit–2 
shows an upward increase. A significant increase in 
the quartz/feldspar ratio has been noted in Sandstone 
Unit–2 compared to Sandstone Unit–1 (Fig. 11A). XRD 
data reveal a decrease in K-feldspar content and a cor-
responding increase in plagioclase feldspar in Sandstone 
Unit–2 compared to Sandstone Unit–1 (Fig. 11B). The 
mica content (mostly biotite) shows an upward decrease. 
Among the authigenic minerals, Sandstone Unit–2 dis-
plays a significant increase in pyrite compared to Sand-
stone Unit–1 (Table 1). Sericite is the other authigenic 
phase commonly found in Sandstone Unit–2 sediments, 
showing an upward increase in the unit (Fig. 11C). Cal-
cite and amphibole are absent in Sandstone Unit–2 sed-
iments, but show a sporadic enrichment in Sandstone 
Unit–1. Increased amounts of apatite and titanite have 
also been noted in the sediments of Sandstone Unit–2. 
Dormålsknuten conglomerate beds
The clast-supported, Dormålsknuten conglomerate beds 
have a lower average quartz content (26%) compared 
to Sandstone Unit–2 (43%) (Table 2). The low feldspar 
content in the conglomerate beds is attributed to the 
intense sericitisation (28%) (Table 2). XRD analyses reveal 
a further decrease in K-feldspar and a corresponding 
increase in plagioclase (Table 3). Grains of both quartz and 
feldspar show an upward increase in roundness compared 
with the underlying facies. Fine-grained, recrystallised 
quartz and dark-grey to black illitic clay form the major 
part of the matrix (Fig. 10D). Authigenic pyrite (fram-
boidal) and iron oxides (e.g., hematite) are the other sig-
nificant authigenic minerals appearing within these sed-
iments. Among other authigenic minerals, titanite and 
phosphates have been found in greater amounts compared 
with the fine- to medium-grained sandstones. Organic 
carbon and zircon are the other accessory phases. 
Thin, mostly parallel and locally wavy laminations were 
observed in thin sections of the silty-shale facies rocks. 
The quartz and feldspar grains in the silty shales are 
angular to subangular, and show some a preferred orien-
tation along the bedding planes. A few, angular, granitic 
clasts were also found within the silty shales. Fractures 
in the silty shale samples are filled with hematite. Fine-
grained framboidal pyrite and granular organic carbon 
represent other important accessories.
Figure 8. Dormålsknuten conglomerate beds in Cambrian shale. (A) The clast-supported conglomerate beds intercalated with dark-grey to black 
shale. (B) Clasts show an overall upward increase in size, with some outsize clasts, and a coarse-grained sandy matrix forming thin bands (shown 
by pink hatched line); photo from the lowermost conglomerate bed. (C) An outsize fractured clast (~1.8 m, granitic in composition) found embed-
ded within the dark-grey to black shales. Note the deformation (dashed line) of the shale layers surrounding the clast. (D) A thin (2–4 cm) bed 
(indicated by the pencil head) consisting of small granitic clasts and very coarse-grained sand occurring within the thinly laminated, dark-grey to 
black shale unit. 
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dark-grey shale implies that mass-flow processes were 
intermittently active, interrupting long and quiet periods 
of clay deposition.
Svodene–Ritlandsfjellet area
The lowermost part of Sandstone Unit–2 (fine- to 
medium-grained sandstone facies) (Fig. 5) indicates a 
clear transition in crater sedimentation as evidenced by 
a greater textural maturity and increased quartz content 
as compared with the underlying Sandstone Unit–1 
(Fig. 11A; Table 1) (Azad et al., 2012). Fine- to medium-
grained sandstones (Fig. 6A) can be interpreted as 
turbidity deposits. The individual planar beds are marked 
by normal grading, erosional bases to the underlying 
beds, absence of floating clasts and a thin, silty sand 
capping; each bed represents a single turbidite flow 
event (Figs. 5, 6A). These turbiditic events may represent 
longer-duration, surge-like turbidity flows (Mulder & 
Alexander, 2001) as compared with the short-duration, 
surge-like turbidity flows of Sandstone Unit–1 (Azad 
et al., 2012). Relatively well-developed bedding and 
sedimentary structures (Fig. 9B) with upward-increasing 
bed thicknesses (Table 1) are suggestive of sustained 
higher amounts of sericite (Table 2). Dark-grey to black, 
illitic clay is the major matrix component, constituting 
20–45% of the total sample (Table 2). Organic material 
and traces of pyrite have been found (Tables 2, 3). The 
coarse-grained sandstone bed in the shale unit (at 10.6 
m in the log) (Figs. 7, 8D) has higher quartz and lower 
feldspar contents compared with the clast-supported 
conglomerate beds (Table 2). 
Discussion
The late post-impact sediments in the Ritland impact 
structure have been studied sedimentologically and 
mineralogically. Sandstone Unit–2, exposed in the 
Svodene–Ritlandsfjellet area, consists of light-grey 
sandstones, dark-grey silty shales and black shales, 
representing a gradual upward transition from high-
energy, oxygenated, crater-filling conditions to a low-
energy, calm, stable, anoxic to hypoxic depositional 
regime. Field observations suggest that the clast-
supported, Dormålsknuten conglomerate beds were 
deposited at later stages of crater sedimentation. The 
occurrence of the conglomerates as lenses within the 
Table 1.  Comparison of sedimentological and mineralogical characteristics of Sandstone Unit–1 and Sandstone Unit–2.
Sedimentary features Sandstone Unit–1 Sandstone Unit–2
Texture and composition Light-grey, fine- to medium-grained sand with 
common outsize clasts (cm size). Angular, 
subangular to subrounded grains. Moderate 
to poorly sorted.
Light-grey to dark-grey, fine- to medium- grained 
sand with few clasts (mm size). Fining-upward 
trend. Subangular to subrounded grains. 
Moderately sorted to well sorted. 
Thickness of the succession 15–20 m ~6 m
Facies types 1. Upper conglomeratic sandstone. 
2. Middle homogeneous sandstone.
3. Parallel-bedded sandstones.
4. Lower conglomeratic sandstone.
1. Dark grey to black shale.
2. Fine sandstone.
3. Fine to medium sandstone.
Bed thickness Parallel-bedded sandstones are 10–20 cm 
thick. Homogeneous and conglomeratic 
sandstones vary from 1 to 1.5 m in thickness. 
Fine to medium sandstones are 10–30 cm 
thick. Fine-sandstone beds vary from 2 to 4 
cm in thickness. Silty shale beds vary within 
mm in thickness.  
Bed type Massive, less parallel, relatively poorly 
developed.
Parallel, well developed.
Bed contact Graded mostly, the silty partings in the 
parallel- bedded sandstones are 20–80 mm.
Erosive, undulating, locally rippled, silt part-
ings in fine to medium sandstone varies from 
10 to 20 mm.
Conglomerate beds Present in the upper and lower part. 
Commonly sandstone and conglomeratic 
beds locally coexist.
Total absence of conglomeratic beds, gradual 
fining-upward trend of the succession.
Clasts Subangular granitic clasts (0.5–1m) 
commonly found.
Subrounded granitic clast (40 cm) found only 
in one place.
Sedimentary structures Very faint ripples, low-angle cross beds, local 
crenulated mud clasts, convolute laminations 
in sand due to loading of the overlying 
conglomeratic beds.
Relatively well-developed ripples on the 
bedding-plane surface, local convolute 
lamination in silty shales and rounded mud 
clasts, absence of cross bedding.
Palaeocurrent directions 40° to 110°, northeastward. 55° to 100°, northeastward.
Trace fossils Not found. Horizontal, undulating, unbranched and 
convex.
Mineralogical composition
(modal analysis, average)
Quartz: 24%, feldspar: 31%, mica: 9%, chlo-
rite: 5%, calcite: 5%, rock fragments: 10%, 
matrix: 15%, heavy: 0.6%, sericite: 1%. 
Other accessory: amphibole, siderite.
Quartz: 43%, feldspar: 16%, mica: 4%, chlorite: 
0.3%, calcite: 0%, rock fragments: 8%, matrix: 
6%, heavy: 0%, sericite: 21%. Other accessory: 
pyrite (0.9%), titanite, apatite, hematite.
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fine-grained intervals of Bouma Td–e are evidently absent 
within these sandstones.  
The boulder-size granitic clast (40 cm) found within these 
sandstones (Fig. 6C) is unlikely to have been transported 
by turbidity currents and has probably derived from a 
rock fall from the granitic basement of the crater wall. 
The late post-impact crater wall was much more stable 
compared with the early post-impact stage, when angular 
granitic/gneissic clasts were released more frequently 
(Azad et al., 2012). The increased roundness of the clast 
(Fig. 6C) suggests that the crater infills were subjected 
to further reworking. The modest deformation of the 
sandstone beds around the clast (Fig. 6C) indicates that 
the clast rested in place while the sands were deposit ed 
at a slow, steady rate, eventually burying the clast. The 
occurrence of this isolated clast is unlike Sandstone 
Unit–1, where rapidly deposited, large, angular clasts are 
commonly found derived during the early post-impact 
stage of sedimentation (Azad et al., 2012). Comparable 
mineralogical compositions and palaeocurrent directions 
of Sandstone Unit–2 and Sandstone Unit–1 (Table 1) 
indicate that these sediments had a similar original source. 
flows, contrasting with the impact-generated surges 
or short-duration, surge-like turbidity flows (Mulder 
& Alexander, 2001) of Sandstone Unit–1 (Azad et al., 
2012). Such short-duration, surge-like turbidity flows 
are commonly triggered by flow transformation through 
erosion and acceleration from flow types with higher 
concentrations of sediment. Longer-duration, surge-like 
turbidity flows are generated by slope failure, consisting 
of a waxing flow head and waning body and tail (Mulder 
& Alexander, 2001). Each individual, fining-upward bed 
marked with an erosional base (Fig. 6A) can be related 
to individual events of slope failure, renewed base-slope 
erosion and further reworking of the slope sediments. 
Bouma Tb–d facies (Bouma, 1962) are relatively well 
developed in longer-duration, surge-like flows compared 
to the short-duration flows (Mulder & Alexander, 
2001). However, the lowermost beds (fine- to medium-
sandstone facies) of Sandstone Unit–2 do not reveal any 
complete develop ments of Bouma Tb–d sequences. The 
base of a typical sandstone bed of this facies is rather 
homogeneous and grades upward into silty sands with 
centimetre-thick, locally rippled beds (Fig. 6B) and 
can be compared to the Bouma Tb–c facies. The upper, 
Figure 9. Comparison of the sedimentary features between Sandstone Unit–1 and Unit–2. (A) Sedimentary log (modified from Azad et. al., 2012) 
of Sandstone Unit–1 (see legend in Fig. 5). The lower part of the succession shows a coarsening- and thickening-upward trend (indicated by the 
arrow), while the middle and upper parts are more homogeneous. The beds of this sandstone unit are massive, poorly developed, locally calcite 
cemented, cross stratified and ripple laminated, and contain subangular to angular clasts. (B) Sandstone Unit–2 is parallel-bedded, relatively well 
developed and individual beds show undulating and erosional contacts. The overall succession displays a fining- and thinning-upward trend. The 
overlying fine sand and silty shale beds are thin and occur as alternating layers of light to dark-grey fine sand and dark-grey silty shale. 
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and cylind rical, sediment-filled burrows. They possibly 
represent fair-weather wave-base conditions with 
fairly low sedimentation rates or even periods of non-
deposition. The crater was assumed to have been 
completely filled by seawater during the early post-
impact stage (Azad et al., 2012); the presence of the 
Cruziana ichnofauna suggests that the water depth 
within the crater was in the order of 300 m. The 350 m of 
crater depth, a modelled rim height of about 115 m and 
an existing seawater depth of ≤100 m (Shuvalov et al., 
2012) suggest that the crater rim was probably exposed 
to the atmosphere during the transitional stages of crater 
sedimentation. The occurrences of trace fossils in silty 
layers suggest a short-lived, quiet event of suspension 
deposition before the arrival of new turbidity currents. 
The low abundance and diversity of these trace fossils 
precludes the drawing of any major conclusion with 
regard to further changes in deposition al conditions.
Alternating layers of dark-grey, parallel-bedded, fine 
sandstone and silty-shale in the middle part of Sandstone 
Unit–2 (Fig. 5) may represent repetitive cycles of turbid-
itic and suspension deposition. The individual sandstone 
beds of this facies type also show a fining-upward trend, 
An increased quartz/feldspar ratio (Fig. 11A) and decrease 
in feldspar, rock fragments, mica and matrix content in 
the fine- to medium-sandstone facies of Sandstone Unit–2 
compared to that found in Sandstone Unit–1 (Table 1) 
suggest a gradual development of further reworking and 
weathering. The presence of authigenic pyrite, apatite and 
organic matter and the absence of calcite (Table 2) within 
the fine- to medium-grained sandstone facies (Sandstone 
Unit–2) indicate that sporadic, reducing, bottom-water 
conditions were established within the crater during the 
transitional stages.
Cruziana ichnofacies (here planolites, thalassinoides) are 
typical for the offshore transitional zones but have also 
been recorded in subtidal, poorly sorted, unconsolidated 
substrates (Pemberton et al., 1992). This ichnofacies 
is also found in the littoral to sublittoral parts of some 
estuaries, bays, lagoons and tidal flats. It generally 
represents low- to moderate-energy conditions at the 
fair-weather wave base, but in some cases may also 
be found in deeper, quieter waters (Pemberton et al., 
1992). The ichnofauna appears at the upper surface (in 
silty layers) of the fine- to medium-grained sandstone 
beds (Sandstone Unit–2) as mostly simple, horizontal 
Figure 10. Photomicrographs of Sandstone Unit–2. (A) Authigenic pyrite is commonly found both in the fine- to medium-grained sandstones and 
in the fine sandstones, replacing dissolved feldspar grains. (B) Discrete grains of apatite and titanite are more commonly found in the fine sand. 
(C) Illitic clay forming a thin coating around feldspar grains. (D) Dark-grey to black illitic clay and organic material found as a major pore-filling 
component in the fine sand and silty shale facies.
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dark-grey to black, illitic clayey matrix (Fig. 10D) with 
increased organic content, and fine-grained authigenic 
pyrite and apatite (Tables 2, 3) reflects more stable and 
partly anoxic conditions prevailing within the crater.  
The dark-grey to black shales overlying the fine-sand-
stone facies (Fig. 5) reflect a complete establishment of 
almost anoxic bottom-water conditions within the cra-
ter. This flaky, thinly laminated shale attains a thickness 
of about 180 m in the central part of the crater, indicating 
that the crater existed as a depression beneath the Cam-
brian sea for millions of years and eventually was filled 
by suspension settling deposits. Sporadic occurrences 
of angular to subangular quartz and feldspar grains and 
granitic clasts in the lowermost parts of the shale beds 
suggest that although hemipelagic sedimentation was 
dominant within the crater, clastic input from the cra-
ter walls had not completely died out. The presence of 
pyrite (Table 3) and organic matter in the upper part of 
the succession (Table 2) and lack of any trace fossils are 
suggestive of reduced ventilation under partly sediment-
starved depositional conditions.
erosional bases to underlying beds and centimetre-thick, 
undulating/rippled, silty-shale cappings, possibly reflect-
ing individual turbiditic events. The intervals between 
the turbidity flows were possibly longer during this stage 
of crater sedimentation as the fine-grained sandstone 
beds are separated by 0.5–2 cm-thick, silty-shale layers 
deposited from suspension settling (Fig. 5). The over-
all fining-upward trend in this part of the succession, 
without any evidence of syn-depositional deformational 
structures or water-escape structures, suggests a further 
reduced rate of sedimentation. The upward decrease 
in thickness of sandstone beds (Fig. 5) also indicates a 
reduced clastic input. Local, medium- to coarse-grained 
sandstone beds can reflect a sudden increase in the 
energy conditions, e.g., related to base-slope failures and 
renewed erosion probably triggered by episodic storms. 
Increased thicknesses of the silty shales in the upper part 
of this facies (Fig. 5) indicate a progressive increase in 
seawater depth and establishment of suspension-domi-
nated sedimentation. The increase in the quartz/feldspar 
ratio (Fig. 11A) and improved textural maturity of this 
facies compared to the underlying facies signify possi-
ble further reworking of the crater-filling sediments. The 
A.S. Azad et al NORWEGIAN JOURNAL OF GEOLOGY 
Figure 11. Comparison of mineralogical characteristics of Sandstone Unit–1 and Sandstone Unit–2. (A) Quartz/feldspar ratio (thin-section study) 
shows an upward-increasing trend from Sandstone Unit–1 to Sandstone Unit–2. (B) A decrease in K-feldspar (XRD %) and a corresponding 
increase in the plagioclase feldspar observed in Sandstone Unit–2 compared to Sandstone Unit–1. (C) Sericitisation (thin-section study) shows an 
upward increase that corresponds to the decreased feldspar contents from Sandstone Unit–1 to Sandstone Unit–2. See Fig. 9A (Sandstone Unit–1) 
and Fig. 5 (Sandstone Unit–2) for the rock sample positions in the lithological column.
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of crater sedimentation, and that the sediments were 
mostly derived from crater-slope erosion and reworking 
of the crater infills. The average quartz/feldspar ratio 
(2.2) in the matrix of these conglomerate beds (Table 2) is 
higher compared to the quartz/feldspar ratio (0.3) in the 
matrix of the early post-impact, clast-supported breccias 
(Upper Breccia Unit) (Azad et al, 2012). This suggests a 
further reworking of these sediments during later stages 
of crater sedimentation. Traces of pyrite (Table 3) and 
the organic content (Table 2) within the matrix suggest 
restricted, less ventilated conditions in the crater basin at 
the time that these conglomerate beds were deposited.  
The outsize clasts within the dark-grey to black shales 
can be interpreted as deriving from rock falls into marine 
clays (Fig. 8C). Evidence of smearing of the clays around 
the clasts (Fig. 8C) also supports a rockfall mechanism. 
The brittle nature of the shale layers around the clasts and 
fracturing of the clasts (Fig. 8C) are probably related to 
compaction and Caledonian tectonics, which affected the 
upper parts of the crater infill. The thin (Fig. 8D) bed (at 
10.6 m in the log) consisting of granitic clasts and coarse 
sand has probably resulted from crater-wall erosion and 
may represent a storm event, probably deposited from a 
hyperconcentrated density flow. 
Depositional model synthesis
A thin (0–30 cm thick) layer of basal conglomerate has 
been found overlying the sub-Cambrian peneplain in the 
southwestern part, outside the crater, probably deposited 
from reworking of weathering products of the Pre-
cambrian basement rocks (Riis et al., 2011; Setså, 2011). 
This basal conglomerate, probably of Early Cambrian 
age, is overlain by a 10–20 m silty-shale layer (Setså, 
2011) indicating the onset of the Early Cambrian marine 
transgression. This basal conglomerate and silty-shale 
unit represent the pre-impact sediments in the Ritland 
area, as evidenced by the overlying ejecta layer (Kalleson 
et al., 2012), suggesting a shallow-marine setting of the 
Ritland bolide.
The numerical modelling of the Ritland impact (Shu-
valov et al., 2012), the distribution of the ejecta lay-
ers (Kalleson et al., 2012) and the sedimentary signa-
tures within the crater infills (Azad et al., 2012) together 
indicate that the contemporary seawater depth during 
the Ritland impact event was ≤100 m. The depositional 
model in Fig. 12A represents crater sedimentation during 
the late syn-impact to early post-impact stage and has 
been discussed in detail in Azad et al. (2012). The dep-
ositional model presented in Fig. 12B represents crater 
sedimentation during the transitional stages (from early 
post-impact to late post-impact). A brief summary of 
the depositional processes during the late syn-impact to 
early post-impact interval is presented here to illustrate 
the link between the early post-impact and late post-
impact stages of crater sedimentation. 
Dormålsknuten area
The clast-supported conglomerate beds in the Dormål-
sknuten area (Figs. 7, 8A) can be interpreted as subma-
rine scree deposits that slid into unconsolidated, cohesive 
marine clays. The limited lateral and vertical extents of 
these possible scree beds (Fig. 7) compared to the exten-
sive, early post-impact, breccia beds (Upper Breccia Unit) 
(Azad et al., 2012) suggest that the crater slopes were 
more stable  and thus reduced the input of coarser clas-
tics derived from the crater wall and rim during the later 
stages of crater infilling. An alternative interpretation 
of these beds is that they may represent debrites, possi-
bly triggered by storm or precipitation-related, cohesive, 
debris-flow events. 
‘Screes’ or ‘talus’ are downslope accumulations of 
rock fragments/rock falls produced by failure of cliffs 
encompassing the downward movement of individual, 
typically gravel-size clasts (Drew, 1873; Gardner, 1983). 
Scree deposits are considered to have formed by a 
granular flow mechanism, and bedforms produced 
by scree processes represent coarsening-upward 
arrangements of the clasts. In contrast, cohesive debris-
flow deposits show en masse depositional characteristics, 
explaining the chaotic arrangement of the deposits. 
In debris flows, the cohesive strength of the matrix 
acts as the dominant clast-supporting mechanism; 
the matrix consists of fairly fine-grained sediments 
with a significant amount of clay-size particles (Costa 
& Williams, 1984; Mulder & Alexander, 2001; Gani, 
2004). The diagnostic features of a cohesive debris-flow 
deposit include basal inverse grading (shear flow), an 
ungraded flow body (plug flow) and a sandy upper part 
(waterlain). The clast-supported conglomerate beds in 
the Dormålsknuten area do not show the well-developed 
basal reverse grading expected in cohesive debrites. The 
middle part of the conglomeratic beds is ungraded while 
the top part contains coarser clasts (Fig. 8B). Thin bands 
consisting of a sandy matrix have been found within 
the conglomeratic beds, but not at the upper surface of 
the bed. Consequently, the upward increase in clast size, 
poorly developed bedding, comparable clast and matrix 
composition (see below), and lens-like occurrence within 
the clay are more analogous to submarine scree deposits 
than to debris-flow deposits.
The clast composition of these conglomerate beds is 
comparable to the general basement composition of the 
area (granitic/gneissic) (Azad et al., 2012) indicating 
that these sediments have been derived from the 
erosion of the adjacent crater wall or rim. The matrix 
consists of significant amounts of clay with medium- 
to coarse-grained, angular to subangular quartz and 
feldspar, and small granitic/gneissic clasts (Table 2). 
The clay content of the matrix is probably sourced from 
pelagic sediments. The comparable clast and matrix 
mineralogical composition (granitic/gneissic) (Tables 2, 
3) of the conglomerate beds suggests that the extra-crater 
sediment influx was not so significant in this later stage 
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marine transgressions from the Early Cambrian onwards 
with little or no evidence of significant regressive phases 
before the end of the Cambrian (Nielsen & Schovsbo, 
2011). Baltoscandia became extensively flooded and 
the clastic input was significantly reduced during this 
time. Similar conclusions were also suggested by Setså 
(2011) from studying the post-impact sediments out-
side the crater, e.g., the post-impact shale overlying the 
ejecta layer was characterised by a low quartz/feldspar 
ratio and greater amounts of pyrite, apatite and organic 
content, representing sediment-starved, anoxic ocean 
bottom conditions (Setså, 2011). The transitional sedi-
ments (Unit–2 time) inside the crater do not reveal any 
coarsening-upward trend, thus no regressive or prograd-
ing events were noted within the crater. A minimal sup-
ply of terrigenous clastics from outside the crater due to 
Early/Mid Cambrian, low-angle river profiles (Nielsen & 
Schovsbo, 2011) and reduced crater-slope erosion pro-
cesses due to low-energy, depletive flow resulted in sed-
iment-starved conditions within the crater. Fan build-
ing was probably abandoned in the early part of the late 
post-impact stage (Unit–2 time) and the crater was open 
mostly for suspension deposition over long time inter-
vals. Increasing amounts of authigenic pyrite and organic 
matter, significant amounts of apatite, and an absence of 
trace fossils in the upper part of the succession support 
the interpretation of a gradual shift from high-energy, 
oxygenated (turbidity flows) to sediment-starved, low-
energy, stagnant, less-ventilated, bottom-water condi-
tions (suspension deposition).
The thickness of the Alum Shale unit in the crater cen-
tre is estimated to be 180 m (Riis et al., 2011). The sedi-
mentation rate of the Alum Shale was extremely low, cal-
culated at 3–8 mm per 1000 years (Berger, 1974) with 
only minor variations across the Baltoscandian platform 
(Thickpenny, 1984). The lithological variations are small 
within these shales with no apparent breaks observed; 
thus, zone thickness could be proportional to deposi-
tional duration (Thickpenny, 1984). An estimated time 
period for deposition of a 80–100 m-thick column of 
Alum Shale in the Skåne area, Sweden, is approximately 
23–25 million years (Thickpenny, 1984). The sedimen-
tation rate of the Alum Shale unit in the Ritland crater 
basin may have been slightly higher since the basin func-
tioned as a closed depression beneath the epicontinental 
sea and would have received some clay influx from out-
side the crater. Assuming an upper limit of the sedimen-
tation rate of 10 mm per 1000 years within the crater, the 
180 m-thick shale unit in Ritland would have accumu-
lated in 37.5 million years, probably covering the whole 
of the Middle to Upper Cambrian epoch. Although 
uncertainties related to compaction of the overburden 
and the effects of Caledonian tectonics have to be con-
sidered, it can be assumed that the crater was completely 
filled with marine clays by Late Cambrian time. The 
thickness variations of the Alum Shale unit inside (180 
m) and outside (15–20 m) the crater suggest that the cra-
ter was completely filled by marine clays during this time. 
The Ritland crater rim is considered to have formed sub-
aerially in view of the crystalline target surface, shallow 
epeiric-sea setting and very thin, unconsolidated marine-
clay cover. With the rim probably above sea level (Shu-
valov et al., 2012), the initial Ritland crater sedimenta-
tion was thus also likely to have been subaerial (Azad et 
al., 2012). Sedimentation in the crater was initiated by 
the collapse of the transient cavity and rim; debris ava-
lanched down towards the crater centre depositing the 
lower part of the Lower Breccia Unit (Azad et al., 2012) 
(Fig. 12A). Debris-flow deposition dominated (Fig. 
12A) immediately after the rock avalanches as sea water 
resurged back into the crater. The numerical model-
ling (Shuvalov et al., 2012) and the sedimentary signa-
tures of the lower part of the crater infills (Lower Breccia 
Unit) (Azad et al., 2012) suggest that the Ritland crater 
probably did not experience an instantaneous, powerful 
resurge of seawater. Water entered the crater through a 
breaching of the crater rim and eventually filled the cra-
ter. The crater rim remained exposed to the atmosphere 
(Fig. 12C) until it was inundated by later transgressions. 
Turbidity flows dominated in the central part of the 
water-filled crater cavity. The Sandstone Unit–1 (Table 
1) represents turbidites from a minor submarine-fan set-
ting prograding on to the crater floor (Fig. 12A). Along 
the steep crater walls, deposition of the coarser clastics 
(Upper Breccia Unit) continued, developing fans from 
the crater walls, prograding towards the crater centre 
(Fig. 12A). Through time, the crater cavity became more 
stable and the site for suspension deposition of fine-
grained sediments (Sandstone Unit–2) (Fig.12B).
Sandstone Unit–2 was probably deposited during the 
retreating or abandonment phase (Fig.12B) of the earlier 
active, high-energy, minor submarine fans of the early 
post-impact stage (Sandstone Unit–1) (Azad et al., 2012) 
(Fig. 12A). The coarsening- and thickening-upward 
trend in the lower part and a rather homogeneous mid-
dle and upper part of the Sandstone Unit–1 (Fig. 9A) 
represent an upward transition from prograding-fan 
developments to a more stagnant situation during the 
later stages of early post-impact sedimentation. The fin-
ing- and thinning-upward trend (Figs. 5, 9B) of the suc-
ceeding transitional sandstones suggests that the active 
fans retreated during later stages of crater sedimenta-
tion (Fig.12B). The stratigraphical upward increase in the 
quartz/feldspar ratio (Fig. 11A) and sericite content (Fig. 
11C) from early post-impact to the transitional sand-
stones, and a comparable mineral composition (Tables 
2, 3) to that of the granitic and gneissic basement sug-
gest that the reworking of the early post-impact crater-
wall sediments was the major source of sediment supply 
within this closed, sediment-starved, crater basin during 
the later stages of crater sedimentation. 
The extrabasinal sediment supply during Sandstone 
Unit–2 crater sedimentation was probably insignifi-
cant. Outside the crater, the extensively peneplained, epi-
continental sea platform was dominated by a series of 
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The natural gamma-radiation measurements in the lower 
part of the dark-grey to black shale unit in the Svodene–
Ritlandsfjellet area varies from 200 to 270 cps (Fig. 5), 
while in the upper middle part (Dormålsknuten area) 
the values range from 210 to 280 cps. These Alum Shale 
values are much lower than those in the fine- to medium-
sandstone facies (350–415 cps) (Fig. 5) of Sandstone 
Unit–2 (Svodene–Ritlandsfjellet area). The higher 
gamma-radiation value within the fine- to medium-
sandstone facies could be related to the higher average 
content of K-feldspar found in thin sections and XRD 
analyses (21%, Table 3). The surprisingly low gamma 
values of the dark-grey to black shales do not correspond 
with the typical highly radioactive characteristics of 
Alum Shale. Particularly the upper part of the Upper 
Cambrian Alum Shale in the Mjøsa region (Norway) and 
Øland (Sweden) is remarkable for its high (400–800 cps 
and 500–1000 cps, respectively) natural gamma activity 
due to high uranium concentrations (Dypvik, 1993). The 
lower gamma measurements in the shales of the Ritland 
The similar thickness (10 m) of the overlying Cambro–
Ordovician sandstones (Knaust, 2004) inside and outside 
the crater confirms this observation. 
The onlapping relations of the dark-grey shale on the 
early post-impact breccias exposed higher up in the 
northeastern crater wall in the Dormålsknuten area 
(Fig. 7) suggest a continued and prolonged interval of 
suspension deposition (Fig. 13). The clast-supported 
conglomerate beds in the northeastern part of the crater 
basin intercalated with the marine clays at an elevation 
of 700–720 m (Fig. 4) correspond to a depth of 50 m 
below the peneplain (the impact target surface), and 300 
m above the base of the shale layer in the crater centre 
(Fig. 4). This implies that mass-flow processes, i.e., with 
development of screes, were active even in the very late 
stages of crater sedimentation (Fig. 13). The crater walls 
remained as escarpments beneath the epicontinental sea 
for millions of years.
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Figure 12. (A) Simplified depositional model (one half of the crater) representing the deposition of different sedimentary units in the Ritland crater 
during the late syn-impact and early post-impact stages (modified from Azad et al., 2012). (B) Model representing crater sedimentation during 
the transitional stage (early post-impact to late post-impact stage). The submarine fans were probably retreating (indicated by red arrow) due to 
a reduced clastic input from both inside and outside the crater. The channel abandonment processes were active, and the sediments were derived 
mostly from erosion and reworking of the crater-wall sediments. (C) Partially submerged crater within the Cambrian sea, with rims exposed to the 
atmosphere during the transitional stage. 
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through this formation outside the crater (Edwards et al., 
2009).
Summary
The Sandstone Unit–2 in the Svodene–Ritlandsfjellet 
area clearly represents a transitional phase between the 
early post-impact and late post-impact stages of crater 
sedimentation. The Ritland crater sedimentation dur-
ing the late syn-impact and early post-impact stages was 
mainly controlled by gravity and mass flows, e.g., rock 
avalanches, screes, debris and turbidity flows (Azad et 
al., 2012), whereas during the late-post impact stage sed-
imentation was mostly suspension-dominated, inter-
rupted by minor episodes of turbidity flows during the 
basal transitional phase.
The fine- to medium-sandstone facies of the transitional 
sandstones (Unit–2) is texturally more mature compared 
with the early post-impact sandstones (Unit–1) and 
interpreted to be derived from base-slope erosion and 
further reworking of the earlier crater infills. These sedi-
ments were probably deposited by turbidity currents dur-
ing the retreating or abandonment stage of submarine 
fans that developed during the early post-impact stage. 
Through time, reduced rates of both crater-slope erosion 
and sediment supply from outside the crater resulted 
in a gradual, progressive establishment of suspension-
dominated sedimentation. The dark-grey to black clayey 
matrix, with increased amounts of authigenic pyrite, apa-
tite and organic matter within a fine-sandstone facies, 
represents more stable, calm and less-ventilated, bottom-
water conditions in the crater basin. An upward transi-
tion of this facies into thick, dark-grey to black shales 
crater could probably be related to the lithological 
heterogeneity and variations in geochemical reactions 
due to the differences in oxygen and organic contents at 
the ocean bottom (Dypvik, 1993).
Late post-impact crater sedimentation dominated by 
suspension settling with a transitional (early post-impact 
to late post-impact) episode of turbidity flows has been 
observed in several terrestrial shallow-marine, impact 
craters. The Gardnos crater, assumed to have been 
roughly contemporaneous with the Ritland structure 
(Riis et al., 2011), is marked by a succession (25 m 
thick in the Branden core) of interbedded sandstones, 
siltstones and shales in the uppermost part of the crater-
infilling succession, representing alternating episodes 
of turbidity flows and suspension deposition (Kalleson 
et al., 2008). In the Estonian Kärdla crater, a thick (>200 
m) succession of carbonate sediments marks the late 
post-impact stage, deposited from suspension settling 
under sediment-starved, stable crater conditions 
(Ainsaar et al., 2002). A comparable geological setting 
in the Swedish Lockne crater also resulted in a thick 
sequence (>90 m) of carbonate sediments (Frisk & 
Ormö, 2007) during the late post-impact stage of crater 
sedimentation. In Virginia, USA, the Chikahominy 
Formation (94 m in the Eyreville core) consisting of 
finely laminated clays and silts with abundant sand-
size foraminifera, shell fragments, glauconite and traces 
of pyrite and mica, represents the late post-impact 
sedimentation in the Chesapeake Bay impact structure. 
The Chikahominy Formation has been interpreted 
to have been deposited from suspension settling in a 
restricted offshore environment (Browning et al., 2009). 
The late post-impact sedimentation in the Flynn Creek 
crater, Tennessee, is marked by the deposition of black 
shales (up to 55 m thick), deposited over several hundred 
thousand years by alternating episodes of fine-grained 
turbidites and pelagic suspension settling (Schieber & 
Over, 2005).
The thickness of the late post-impact successions within 
these various craters is commonly many times higher 
compared to the coeval late post-impact succession 
outside the craters. The thickness of the Alum Shales 
in the central part of the Ritland structure is almost ten 
times higher compared to the thickness (20 m) outside 
the crater (Knaust, 2004). In the Kärdla crater, the late 
post-impact, Upper Ordovician limestone encountered 
in the crater centre is at least four times thicker than 
the equivalent limestone outside the crater (Ainsaar 
et al., 2002). The thickness of the Dalby Limestone in 
the Lockne crater also exceeds by several times that of 
the coeval Dalby Limestone outside the crater (Frisk & 
Ormö, 2007). The Flynn Creek crater has a thickness of 
black shale which is at least five times greater than the 
coeval Upper Devonian Chattanooga Shale (Schieber 
& Over, 2005). The Chickahominy Formation in the 
Eyreville core, drilled approximately in the crater centre, 
is also thicker compared to any other core drilled 
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Figure 13. Simplified depositional model (one half of the crater) repre-
senting depositional processes during the late post-impact stage. The 
clast-supported conglomerate beds in the Dormålsknuten area repre-
sent small-scale scree deposits (orange) sliding into the marine clay 
(green) as a result of occasional slope failures in the later stages of cra-
ter sedimentation. 
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Introduction: Syn- and post-impact sedimentation 
within impact craters often start by collapse of the tran-
sient cavity and sediment transportation towards the 
crater centre by different gravity and mass flow proc-
esses. These could include rock avalanches, debris 
avalanches, scree and debris flows depending on the 
physical properties of the target rock, degree of slope 
failure, and temporal fluidization of the sediments [1]. 
The sedimentary processes also vary depending on the
overall paleo-geographical setting of the target area 
(subaerial, subaqueous/shallow marine, deep marine) 
[2]. In the Ritland case the target area was a shallow 
epeiric sea, with basement rocks covered by a thin 
blanket of sediments. In such shallow water setting a 
crater rim is formed in much the same way as for land-
target craters in contrast to deep marine impacts lack-
ing well developed crater rims [3]. The crater rim 
height and its relation to the sea water depth during 
impact may significantly control the sedimentation in 
such craters. An instantaneous powerful resurge of sea 
water might not be expected if the crater rim is high 
enough compared to the sea water depth. Sea water 
may eventually fill the crater with reduced resurge en-
ergy through breaching of the crater rim and mass flow 
events such as debris flows and suspension flows 
would dominate in the water filled crater soon after the 
rock-avalanches/debris-avalanches processes. Suspen-
sion-dominated sedimentation e.g., turbidity currents 
are to be expected dominating in a later stage with a 
comparatively stable crater cavity [4].
Ritland Impact Structure: Ritland is the third and 
most recently confirmed Norwegian impact structure,
located in the Hjelmeland municipality, Rogaland, 
western Norway (Fig. 1) [5]. The structure shows a 
nearly circular depression (2.7 km in diameter and 350
m deep) excavated in the gneissic Precambrian terrain.
The crater was probably formed during Cambrian time,
filled by sediments and eventually deeply buried [5]. 
Several succeeding events of uplift, erosion, and finally 
the Pleistocene glaciations helped to disclose the struc-
ture. At present, highly deformed and fractured base-
ment rocks and the exposed crater filling sediments 
display the remnants of this simple impact structure.
The sub-Cambrian peneplain, covered by a thin (5-15
m) marine Cambrian sedimentary cover and about 100 
m of water, probably was the target surface of the Rit-
land impact [5]. Detailed study of the sedimentary fea-
tures of the Ritland impact structure has not yielded 
evidence of powerful resurge within the crater. The 
crater rim was probably elevated above sea level,
damming more powerful instantaneous resurge. De-
layed and reduced resurge effects may be suggested in 
Ritland crater as evidenced by the characteristics of the 
crater filling sediments, partly described below.
Fig. 1: Lithofacies distribution map of the Ritland 
impact structure. Red dot (point X) indicates the 
reconstructed crater centre, the cross section along
XX/ is shown in Fig. 2
Sedimentary Units: The crater infill sediments of the 
Ritland impact structure (Fig. 1) can be broadly classi-
fied as: A) syn-and early post impact sediments and B) 
late-post impact sediments. The syn- and early-post 
impact sediments are composed of a minor, basal melt-
rock unit succeeded by a relatively thick succession of 
coarse grained clastics; breccias, conglomeratic and 
arkosic sandstones. These were deposited at the early 
stages of crater modification and can further be subdi-
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vided into; i) Lower Breccia Unit (LBU) ii) Sandstone 
Unit (SU) and iii) Upper Breccia Unit (UBU) (Fig. 1).
The succeeding late-post impact sediments consist of 
finer grained clastics; forming a thin lower unit of very 
fine sand and silty-shales in the lower part, overlain by 
a thick unit of dark grey to black shales.
Sedimentary Processes: The lower-most LBU sedi-
ments (Figs. 1, 2) were sourced from intense in situ
brecciated transient cavity walls and rims, particles 
eventually sliding down towards the crater centre and 
deposited as rock-avalanches. Clast supported breccia 
with similar clast and matrix composition compared to 
the basement breccia (target surface) as well as occur-
rences of dispersed, reworked melt particles in the 
lower-most part of the Lower Breccia Unit and a basal 
melt bearing rock unit underneath (Fig. 2) suggest that 
these sediments were deposited during an early stage of 
crater modification. Debris flow deposits dominates on 
top of these avalanche formations, probably reflecting 
prevailing water saturated conditions due to delayed 
resurge of the sea water through the breached crater 
rim. The rock debris was transported down from the 
unstable crater walls and rim as multiple depositional 
lobes. 
Fig. 2 Geological cross section (XX/ in Fig.1) illus-
trating stratigraphic relation of the different sedi-
mentary units. The sections A, B, C, and D show the 
generalized stratigraphy of the crater filling succes-
sions based on field lithologs.
A marked shift from clast-supported to matrix-
supported texture appears in the upper part of the 
Lower Breccia Unit sediments. This transition repre-
sents a shift towards hyperconcentrated density flows, 
generated by mixing of water and dilution at the flow 
head with gradual entrance of sea water into the crater. 
The crater eventually filled with water and suspension-
dominated sedimentation dominated. The Sandstone 
Unit (Fig. 2) were probably deposited by turbidity cur-
rents under submarine fan settings towards the centre 
of the crater basin and the sediments may have been 
derived from base-slope erosion and further reworking 
of the crater wall sediments. The Upper Breccia Unit 
sediments represent the marginal part of the crater ba-
sin where the sediments were derived from renewed, 
local erosion of the steep, unstable crater wall and rim. 
These sediments wedge out from the rim to the crater 
centre showing fan like distribution. Different gravity 
and mass flow processes dominates within this unit. 
The late-post impact sediments (Fig. 2) were deposited 
during a long (millions of years) and quiet period of 
sedimentation through suspension-deposition during 
mainly anoxic bottom water conditions.
References:
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Depositional Model 
Introduction
Ritland is a 2.7 km diameter, 350 m deep simple impact structure, located in
western Norway (Fig. 1). The crater was probably formed during Cambrian time,
filled by sediments and eventually deeply buried. Several succeeding events of
uplift, erosion, and finally the Pleistocene glaciations disclosed the structure [1].
The study is aimed to understand the mechanism of different sedimentary
processes to deduce crater filling history. Detailed field mapping of the
sedimentary successions and mineralogical study were done.
Fig. 1. Lithofacies distribution map of the Ritland impact
structure. The cross section along XX/ is shown in Fig. 2
Sedimentary Units
The crater infill sediments of the Ritland impact structure can be broadly
classified as: A) syn-and early post impact sediments and B) late-post impact
sediments. The syn- and early-post impact sediments can be subdivided: i)
Lower Breccia Unit (LBU) ii) Sandstone Unit (SU) and iii) Upper Breccia Unit
(UBU) (Figs. 1 & 2). The succeeding late-post impact sediments consist of finer
grained clastics; forming a thin lower unit of very fine sand and silty-shales, and
overlained by thick unit of dark grey to black shales (Fig. 2).
Fig. 2 Geological cross section (XX/ in Fig.1) The sections
A, B, C, and D show the generalized stratigraphy. Photos
along side shows the dramatic differences in facies types.
Syn Impact: Avalanche 
Dominated
Syn, Early-Post Impact: 
Debris Flow Dominated
Early Post-Impact: 
Suspension Dominated
Early & Late-Post Impact: Scree, & 
Suspension Dominated
Fig. 3.A Sedimentation started with intense
in situ brecciation and slumping of the
transient cavity walls and rims.
Fig. 3.B Debris flow dominated as water saturated
conditions prevailed. Debris flows transformed into
hyperconcentrated density flows [2] afterwords.
Fig. 3.C The crater eventually filled with sea
water and the suspension currents under
submarine fan settings dominated.
Fig. 3.D Scree, rock or debris avalanches were
active along steep crater walls. Suspension-
deposition continued in the crater centre.
Conclusions
The lower-most LBU sediments were sourced from intense in situ brecciation and slumping of the steep transient cavity walls and rims and eventually
slided down towards the crater centre and deposited as rock-avalanches (Fig. 3.A).
Debris flows dominated immediately after the rock avalanches as water saturated conditions start to prevail due to delayed resurge of the sea water
through the breached crater rim (Fig. 3.B & 4). Debris flows transformed into hyperconcentrated density flows [2] by mixing of water and dilution at the
flow head with gradual entrance of sea water into the crater as indicated by the upper part of the LBU sediments (Fig. 3.B).
The crater eventually filled with sea water and the SU sediments were deposited by turbidity currents under submarine fan settings (Fig. 3.C & 4).
The Upper Breccia Unit sediments represent the marginal part of the crater basin (Fig. 3.D & 4) and were derived from renewed, local erosion of the
steep, unstable crater wall and rim and deposited as scree, rock-avalanches or debris avalanches. The late-post impact sediments were deposited
during a long (millions of years) and quiet period of sedimentation during mainly anoxic bottom water conditions (Fig. 3.D).
Fig. 4. Conceptual model of the sedimentation
processes of different sedimentary units of
Ritland impact structure
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